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CHAPTER 1. INTRODUCTION 
1.1 Synopsis Background of Present Study 
In this thesis the spontaneous heating of coal is considered to be the phenomena in which 
a sufficiently large quantity of coal (often many tonnes), will rise from ambient 
temperature and eventually go on fire if exposed to air. It has been acknowledged for 
many years that the major source of heat in this process is due to the oxidation of the coal 
itself. It is also acknowledged that extraneous sources of heat, i.e., the oxidation of iron 
pyrites, can play an important part in this process. But the major subject of this thesis is 
concerned with the effect of heat from coal oxidation and an experimental method 
whereby the full process of spontaneous heating can be examined in the laboratory. 
The characteristics of coal oxidation are obviously of extreme importance and a major 
fountain head of information on this subject can be traced back to J.S. Haldane 1, then 
director of the British Colliery Owners Research Association in the United Kingdom and 
then through his research assistants, J.I. Graham 2 and R.F. Winmill 3. When Graham 
came to New Zealand in 1949 as professor at the Otago school of mines, J.B. Stott was 
seconded from the New Zealand D.S.I.R. to work with him and a variety of research 
students have since worked with Stott, the final one being the author of this thesis. 
A great deal of J.S. Haldane's laboratory was published in the Transactions of the 
Institute of Mining Engineers (UK) and probably has not received the attention it 
warrants from the scientific community. Another important source of data from the same 
era is the US Bureau of Mines report by Scott 4. Scott and Haldane were aware of each 
others work and cooperated. 
The important characteristics of coal oxidation in air which were reported by Haldane's 
laboratory can be summarized. 
1. When coal fresh from the mine face is crushed, it exhibits an initial high rate of 
oxidation (typically 2000 ml of oxygen absorbed per hour per kg of coal) at 20 °C. This 
rate falls exponentially with time over the next 100 hours to about one 200th of this 
figure. 
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2. The rate of oxidation during this time is also a function of temperature, typically 
raising the temperature eight degrees Celsius will double the oxidation rate. 
3. The rate of oxidation is also a function of air oxygen content. There is conflicting 
evidence about the nature of this dependence lying between direct proportionality with the 
air oxygen content to proportionality to the square root of the air oxygen concentration. 
4. The rate of oxidation does not continue to fall after the first 100 hours of oxidation but 
settles down to a figure of which 10 ml of oxygen absorbed per hour per kg of coal is 
typical at ambient temperatures 2, 3. 
We thus have a situation in which the rate of oxidation of a coal is a function of: 
(1) the quantity of oxygen previously absorbed by the coal, 
(2) the temperature, and 
(3) the concentration of oxygen in the air in contact with the coal 
Also, there is considerable evidence to show that the rate of oxidation is affected by the 
moisture content of coal. Some results obtained during the work described in this thesis 
appear to offer an explanation of conflicting results which have been reported in earlier 
literature. 
The other major factor in spontaneous heating is concerned with the moisture content of 
the coal. Sub-bituminous coals which are known to be susceptible to spontaneous 
heating contain up to 20% moisture and Stott pointed out in 1951 that the rate of heat 
production at ambient temperatures by oxidation of coal appeared to be insufficient to be 
able to evaporate this large quantity of water. This became evident during work on the 
differential thermal analysis of coal 5 which showed that during the period between 
ambient temperature and 100 °C, a positive quantity of heat had to be added to the coal in 
order to evaporate the moisture and only above 100 °C did the coal exhibit a net heat 
release as it oxidized in air. 
The effect of moisture on spontaneous heating has been the subject of much mythology. 
For instance it is often asserted that fires are more prevalent during humid weather and 
there is a great reluctance to add water to spontaneously heating coal. This reluctance 
stems, to some extent, from the important work of Berkowitz and Schein 6 who showed 
that, if coal was dried and then water added to it, a substantial rise in temperature could 
be measured. Also it is obvious that, if moisture vapor is allowed to be absorbed by the 
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coal, an even greater rise in temperature will be observed. It is clear that besides the 
normal latent heat of condensation of water there is also a substantial heat of wetting 
associated with the interaction between the water and the coal surfaces. In the early 
1950's a great deal of work was carried out trying to measure the internal surface area of 
the coal by absorbing various materials onto the surface. It was shown that the internal 
surface area must be very large to account for the amount of material which could be 
absorbed to form a molecular layer on this surface. More recently a more detailed model 
has come to be accepted in which the coal is regarded as a matrix of large molecules 
rather than as a solid permeated by pores. 
It is surprising how often calculations have been carried out on the spontaneous heating 
process neglecting completely the role of moisture. One example of this which is often 
quoted in the literature, and has a status of classical paper is by Van Doornmn 7. 
However, to ignore the need to evaporate the natural moisture in the coal, and the 
complex nature of this process as air passes along a length measured in metres, is to 
ignore completely the all important initial stage of this process. 
The difficulty of explaining how the heat of oxidation could evaporate the quantity of 
water associated with the coal led Stott 8 to formulate a heat balance which can be 
expressed as: 
THE INCREASE IN ENTHALPY OF COAL (APPARENT AS A TEMPERATURE 
RISE) (I)= 
THE HEAT TRANSFERRED FROM THE COAL TO NEIGHBOURING SURFACES 
(II) less THE HEAT TRANSFERRED TO GASES AS THEY PASS THROUGH THE 
COAL (III) plus THE HEAT GENERATED BY COAL OXIDATION (IV) less THE 
HEAT NEEDED TO REMOVE WATER FROM THE COAL (V) 
Thus, 
Cps Ps dT/cJt = k cJ2T/cJx2 - Cpg pg Vg cff/cJx + Ho r 0 - Hw rw (1.1) 
I II III IV V 
The formulation of this heat balance in finite difference terms is discussed more fully later 
( kef tv p. I, -12 ) 
in the thesis. Essentially a rate of rise in temperature over a finite time interval and 
distance interval can be calculated if the rate of oxidation and drying together with the heat 
generated by these terms is known. It is clear that a reasonably accurate solution to this 
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equation is dependent on a knowledge of the two functions governing the rate of heat 
release by oxidation and the heat needed to evaporate the water from the coal. It is 
important to stress here that both of these functions are moderately well defined in the 
sense that they are known to an accuracy of+ or - 5%. They are difficult to obtain 
experimentally because of the slow nature of the reactions involved and the very small 
quantities of heat produced. The temperature rise depends on the difference between the 
heat of oxidation and the heat of drying so that it is unlikely that accurate solutions to 
equation (1.1) will be able to be obtained. On the other hand, the equation is extremely 
useful in formulating the mechanism by which spontaneous heating occurs and also, 
although the rate of oxidation and drying may not be able to be precisely defined at any 
particular time and temperature, the total quantity of oxidation possible and the total 
quantity of heat necessary to dry the moisture from the coal is known probably with an 
accuracy better than+ or - 2% so that large errors cannot propagate themselves because 
of the stoichiometric requirements required by equation ( 1.1 ). 
However, this does point to the need for an experimental method which will allow the 
full process of spontaneous heating to be followed under laboratory conditions so that at 
least the interaction of the rates of heating and drying could be measured and if the rate of 
oxidation can be followed by gas analysis and, more difficultly, the rate of drying can be 
followed, a fairly full account of the whole spontaneous heating process could be 
produced. 
It is known from practical experience that several tonnes of coal are needed for 
spontaneous heating to occur and that this process develops, at its fastest, over a period 
of about two weeks. It is the need for this large quantity of coal and the slow nature of 
the processes which has made laboratory investigation of this phenomena very tedious 
and expensive. Both CERCHAR in France and the US Bureau of Mines have built rigs 
using several tonnes of coal. 
Recent publications have shown how examination of the above heat balance has led to an 
experimental method which uses only 110 kg of coal to follow the full spontaneous 
heating process. In 1967 Stott and Murtagh 8 produced solutions to the above heat 
balance. At first it was assumed that the air passing through the coal was always 
saturated with water, and the solutions showed that spontaneous heating of the coal could 
not occur under these conditions, a temperature near 100°C was reached but this simply 
resulted in a wave of this temperature passing along the coal heap. The heat of oxidation 
was never sufficient to dry completely any part of the coal. Stott and Murtagh then 
introduced a drying rate such that the relative humidity of the air in contact with the coal 
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was a function of the moisture content of the coal. When the coal contained its natural 
moisture content, as mined, it was assumed that the air would be saturated with moisture 
but as the coal dried it was assumed that the relative humidity in contact with the coal 
would fall, reducing to zero as the coal completely dried. This relationship between the 
equilibrium relative humidity in contact with the coal and the coal moisture content was 
derived from material available in the literature at the time. Using this relationship in 
equation 1, solutions were obtained in which the temperature of coal did eventually rise 
above 100 °C when a region of the coal completely dried and then could go on fire. In 
1970 Nguyen and Stott 9 produced a set of solutions to these equations, the main features 
of which can be summarized. 
1. In a one-dimensional situation where heat and mass transfer is confined to the 
direction of air flow, the point at which fire starts to develop is related to the speed at 
which the air enters the coal. If the air approaches and enters the coal at a velocity of 1 
cm per minute the point at which the coal will go on fire will be about 2 metres from the 
point of entry. If the approach velocity is 5 cm per minute the point at which the coal will 
go on fire will be 10 metres from the point of air entering. The solutions indicated that 
the distance from the point of air entry at which the coal will fire is proportional to the 
velocity of air. 
2. The time from the first instance that the air enters the coal to when the coal will reach a 
temperature greater than 100 °C, is approximately 200 hours and this is not greatly 
affected by the velocity of air entering. The solution to the equations took account of and 
predicted, the air oxygen concentration at all times and distances, the moisture content of 
coal, the degree of oxidation of the coal and of course the coal temperature. The 
solutions were close to what was known to occur in practice during the spontaneous 
heating of fresh coal and it was decided that they should be checked by some form of 
experiment. 
Quan 9 attempted to do this in a well insulated 10 cm diameter glass tube 2 metres long 
and later Stott, under contract to the US Bureau of Mines 10, built a 60 cm diameter well 
insulated rig containing 5 tonnes of coal. Both these experiments were failures in that the 
temperature rise was never greater than 42 °C and it became clear that the radial heat loss 
through normal insulation could not be made small enough to approach the one-
dimensional situation. In 1985 Stott, together with several undergraduate students, built 
a 2 metre long vessel 30 cm in diameter which was essentially a one-dimensional 
adiabatic calorimeter. Air passed along the longitudinal axis of the column and heat 
transfer radially was minimised by the use of 15 heaters along the column length. The 
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heaters were adjusted by computer control which was able to maintain the difference 
between the axial temperature and the outside column temperature equal to within 0.2 °C 
at 15 points along the axis. This system is described more fully later in the thesis. The 
important feature of this experiment is that it makes possible the full study of spontaneous 
heating over a length of air travel which theory and practice have shown to be practically 
significant. Importantly, also, a relatively small quantity of coal, namely 110 Kg can be 
used. This is in contrast with the full scale industrial rigs being built by CERCHAR and 
at the US Bureau of Mines which utilize over two tonnes of coal. 
This thesis describes and interprets experiments on New Zealand coals carried out using 
the 2 metre column. The results are used to: 
1. Obtain new information on the way the coal oxidises and generates heat. 
2. Compare the experimental results with what is known of the behaviour during mining 
and storage. 
3. To compare their behaviour as predicted by the mathematical model. 
Associated with the subject of spontaneous heating, measurements of heats of wetting 
and drying of coal have been carried out from the early nineteen hundreds. This work 
has been extended by the author of this thesis, particularly to illustrate how the moisture 
content of coal affects the rate of oxidation. The microcalorimeter used was designed and 
built by Stott and is similar in principle to those described by Calvet 11. 
The calorimeter has also been used to measure the relative humidity of the air in contact 
with the coal at different coal moisture contents. It would be expected that, as air passes 
over coal with a finite moisture content, the relative humidity of the air as it leaves the 
coal would depend on the path length over the coal and the air velocity. The 
microcalorimeter has been used to investigate this and show that, at the air velocities used 
in the two metre column experiments, the relative humidity of the air approaches closely 
that which would be obtained at zero velocity ( Refer to Chapter 8 ) 
The condition that the air in contact with the coal moves slowly enough for it to remain in 
equilibrium with the coal moisture content is an important part of the analysis of 
spontaneous heating described in this thesis. 
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The work was carried out under contract to the Coal Research Association of New 
Zealand who provided financial support for the author and very helpful liaison at the 
CRA staff in Canterbury. The aims of the contract are given be low. 
1.2 Aims of the Present Study 
1. To demonstrate the ability of the two-metre long calorimeter to assess the tendency of 
New Zealand coals to heat spontaneously. 
2. To demonstrate that the development of a spontaneous heating is compatible with the 
theory of Stott, Murtagh and Quan advanced in previous publications. 
3. To measure the tendency to heat spontaneously of fresh face samples of Benneydale, 
Huntly, Strongman, Ohai, Glennafton, Ferndale and Stockton coals. Tests were carried 
out in duplicate to assess the reliability of the results. 
4. A further aim, not within the compass of time of the PhD is to demonstrate that the 
apparatus is commercially viable and to assess any changes which might make it more so. 
5. One aim, perhaps not sufficiently stressed, is to obtain sound engineering knowledge 
of spontaneous heating, a subject which is still bedeviled by myths and old wives tales. 
On completion of the experimental work, an essential further aim should be to make the 
results widely known within the industry. 
1.3 References 
1. Haldane, J.S., Trans. Inst. Min. Engrs., 53, 1916-17, p194 
2. Graham, J.I., Trans. Inst. Min. Engrs., 48, 1914-15; p52, 1916-17, p338,p348 
3. Winmill, T.F., Trans. Inst. Min. Engrs., 46, 1913-14, p563; 1914-15; p503-508 
4. Scott, G.S., US Bureau of Mines, Bulletin 455, 1944. 
1-7 
5. Stott, J.B. and Baker, O.J., Fuel, 32, 1953, p415 
6. Berkowitz, N. and Schein, H.G. Fuel, 32, 1953, p415 
7. Van Doornum, G.A.W., J. Inst. Fuel, 27, No. 165, 1958, p51 
8. Stott, J.B. and Murtagh, B.A., Aust. and N.Z. Assoc. for the Advancement of 
Science, 39th Congress, 1967 
9. Quan, Nguyen T., PhD Thesis, Chemical Eng. Dept., University of Canterbury, 
New Zealand, 1971 
10. Stott, J.B., The Spontaneous Heating of Coal and the Role of Moisture Transfer, 
Contract JO395-146, United States Bureau of Mines, Pittsburgh, 1980 
11. Stott, J.B., J. Sci. Inst., 33, 1956, p58 
1 - 8 
Part I 
THE SPONTANEOUS HEATING OF COAL - RESULTS OF 
EXPERIMENTS ON AIR TRA YELLING THROUGH 
TWO METRE LENGTHS OF CRUSHED COAL 
COMPARED WITH A THEORETICAL 
MODEL 
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CHAPTER 2. PROPERTIES OF COAL AFFECTING THE 
SPONTANEOUS HEATING PROCESS 
The basic information on coal physical & chemical properties which are related to 
spontaneous heating are discussed here to facilitate a better understanding of the present 
research work. 
2.1 Physical Properties of Coal and a Coal Packed Bed 
The porosity of coal has been measured against carbon contents by several authors using 
various methods. A summary of their results 1 is shown in Figure 2.1. Surface areas 
vary in a similar way 2 with porosity (See Figure 2.2) . 
. 
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Figure 2.2 Surface Area vs Carbon Content of Coal 
2 - 2 
The terms porosity and internal smface area of coal have been in general use since at 
least the 1940's, and were originally based on the concept of a solid permeated by a very 
large number of pores of different sizes and shapes. More lately this concept has been 
refined to one of a matrix of molecules of very different sizes which allow access to 
different fluids in different ways. Also, a variety of active sites are envisaged which will 
interact with different molecules in different ways 3, 4. 
Nevertheless, the concept of 'porosity' as measured by the ability of a degassed coal to 
take up a quantity of a given material and secondly 'surface area' as estimated by the BET 
method and similar, in which the formation of a monomolecular layer is assumed, have 
both found wide acceptance and have been useful in elucidating the nature of coal 
structure. Both 'porosity' and surface area' vary considerably depending on the methods 
used to measure them and it was these differences which enabled progress to be made in 
the understanding of the nature of the structure of coal. Essentially the problem is one of 
being able to understand how various materials can be taken up and released by the coal 
and how some fluids will interact with molecules many millimetres inside the external 
surf ace of a coal particle. 
Using the micropore model the general conclusions were that the internal surf ace of coal 
is associated with a capillary system in which 40 ° A or smaller pores are linked by 5 to 8 
0 A passages and this system accounts for over 90 % of the 'surface area', and 50 to 80 % 
of the void space 1. 
The results expressed in these terms can be related to the behaviour of coal during 
spontaneous heating but only in a complex manner. Low rank coals have the greatest 
available surface for oxidation but also have high moisture contents and during 
spontaneous heating the removal of water by the heat of oxidation is the most important 
mechanism until a temperature of over 100 °C has been obtained. With a material as 
complex as coal the difference between the heat of oxidation and the heat needed to 
remove water can vary in a very complex way. The problem is akin to the mathematical 
situation where one has to subtract two large numbers of a reasonable accuracy but the 
difference between them has a greatly reduced accuracy. In this case the two large 
numbers are the heat due to the oxidation of the coal and the heat needed to remove the 
water. However, certainly in New Zealand, the medium ranks coals (sub-bituminous) 
are generally accepted as being the most affected by spontaneous heating during mining, 
taking into account the widely varying methods of mining used to extract coals of various 
ranks. 
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The problem is further complicated because it has long been known that the energy 
necessary to remove water from the coal becomes considerably greater when the outer 
layer of water molecules have been removed and those attached to the coal molecules 
have next to be taken off. Also evidence is accumulating that the presence of water on the 
coal surface also influences the way in which the coal oxidises. It is not surprising that a 
way of predicting how the coal will behave during spontaneous heating from 
measurement of its behaviour during oxidation and drying, is still not available. 
The way in which the coal dries, and particularly the fact that as moisture is removed the 
equilibrium vapour pressure in contact with the coal decreases has a very important 
bearing on the way spontaneous heating develops. The calculations of Stott, Murtagh 
and Quan (Ref. to Chapter 1) have shown that it is only possible for spontaneous heating 
to develop if the vapour pressure of water falls during the drying process. Part of the 
work described in this thesis has been concerned with the measurement of vapour 
pressure as a function of moisture content and temperature and this is further described in 
Chapter 8. 
The thermal properties of coal, such as specific heat and thermal conductivity, have to be 
known in order to carry out the mass and heat transfer calculations described in Chapter 
6. The specific heat of coal was taken as constant in earlier calculations but it has been 
shown in 5, 6, 7, 8 that the specific heat varies between 1.05 KJ per kg per °K for a dry 
coal and up to 1.76 KJ per kg per °K for a wet coal. In the calculations of Quan9 
Murtagh and StottlO the value of 1.045 KJ per Kg per °K has been used. Measurements 
of the thermal conductivity of coal have been complicated by the presence of moisture and 
in Stott & Quan's and this work, its thermal affect is accounted for by separately 
accounting the heats of evaporation and condensation. The thermal conductivity of a dry 
coal bed has been found to be 0.1 watt per metre per °K and this increases to 0.4 watt per 
metre per °K when the coal is wet 6 but the effect of moisture is best taken account of 
separately by considering the heats of evaporation and condensation. The value of 0.2 
watt per metre per °K has been widely used in spontaneous heating calculations 9, 10, 11, 
12 . The thermal conductance through the coal bed is usually small compared with the 
heats of drying/wetting and oxidation. However, when oxidation does not occur (where 
the oxygen concentration is zero), the heat conduction would play important role to 
balance the heat of drying/wetting. 
The bulk density of the coal and its porosity to air flow play an obvious part in the 
spontaneous heating process, particularly if it is desired to calculate the flow of air for a 
given pressure drop. However, bulk density is easily measured and at the present stage 
2 - 4 
of the calculations it is best to specify a mass flow of air which the computer calculations 
predict will produce spontaneous heating within a reasonable length through the coal. 
This point is described more fully in Chapter 6 on computer simulations. 
2.2 The Chemical Properties of Coal 
As mentioned in the Chapter 1, it has been accepted for many years that the major source 
of heat in the spontaneous heating of coal is the oxidation of coal. It is thus important to 
know the nature of the oxidation process over the whole time that a spontaneous heating 
occurs. 
Generally, the initial stages of oxidation are characterized by chemisorption of oxygen at 
more accessible reaction sites and by the formation of acidic functional groups. If 
moisture is present some chemically absorbed oxygen will also form peroxide or 
hydroperoxide complexes. After a long enough time oxidation will begin to degrade the 
coal and after a slight transient weight gain these processes will lower the mass of carbon 
and hydrogen through the production of carbon monoxide, carbon dioxide and water. 
This process, if not interrupted, will continue until all available coal material has been 
consumed 13 . 
The oxidation of coal at normal out door temperature is relatively slow. There are 
important quantitative differences between oxidation at ordinary temperature and at 
elevated temperatures and three temperature ranges are sometimes distinguished. Below 
70 °C, oxidation does not proceed further than forming acid functional groups or 
peroxides 14. The presence of moisture is essential in the formation of peroxides. There 
are some mechanisms proposed by Beier l5 to explain the role of moisture during the 
period of oxidation. Over long periods, significant concentrations of humic acids can be 
produced l6 with an increase in the weight of coal. Between 70 ° C to 150 ° C, in most 
cases oxidation rates are sufficiently high to be controlled by oxygen transport to the 
inner coal reaction sites 13. Overall, oxidation rates become progressively more 
dependent on coal porosity and tend to fall with increasing rank or the particle size l 7. 
Peroxides are formed only transiently or not at all 13. Based on laboratory experiments 
on oxidation rates and products of reaction several ratios i.e. Graham's ratio is defined 
as molCO /molO2 deficiency x 100, have been proposed to follow the process of 
spontaneous heating underground by gas analysis. Similar results to the above have been 
coa,fi 
confirmed amongst New Zealan~by Graham 18, Walker 19, Stott 20 and Matheson 21 
amongst others. 
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From an engineering point of view the need is to quantify the oxidation rate so that it can 
be predicted at any time and temperature during the spontaneous heating process. The 
excellent work of Winmill and Graham 22 in this regard has been mentioned in Chapter 1. 
Graham, Walker, Stott and Matheson's results are comparable with Winmill and 
Graham. In addition, Sondreal 23 in US has produced a similar oxidation curve of 
Lignite at temperature of 20 °C; Nordon 24 in Australia has obtained a similar curve for 
char. The results for sub-bituminous coals have been put in an equation by Stott and 
Quan 9 which has been used in the finite difference calculations describing heat and mass 
transfer in spontaneous heatings. The purpose of this equation was to depict .the results 
similar to those of Winmill and Graham in which the rate of oxidation is a function of 
temperature and quantity of oxygen absorbed. Also a term is incorporated which takes 
account of air oxygen concentration and this will be discussed later. 
In 1982 Stott carried out experiments on coal which had been stored in a dump for some 
years at an Ohai coal mine and found out that this coal still exhibited constant rate of 
oxidation of about 10 ml per hour of oxygen absorbed per kg of coal . It was apparent 
from this result that the equation mentioned above could not properly represent the rate of 
oxidation at times greater than perhaps 200 hours. It is important to realise that the 
original equation was based on results from experiments which ceased after 200 hours 
and then the rate of oxidation appeared to be dropping exponentially towards zero. 
However, obviously when considering oxidation over a greater time than some hundreds 
of hours the constant low rate of oxidation must be taken into account and T. van 
Garmeron 25 under Stott's supervision produced an equation which attempted to take 
account of this. The modified equation does not have any effect until about 300 hours of 
oxidation has elapsed at normal temperatures and the effect of long term oxidation rates 
is still to be investigated. However, the main thrust of the work in this thesis has been 
concerned with the relatively fast development of spontaneous heating in freshly crushed 
coal and it is not expected that the modifications to the equation extending its use to 
several hundred hours of oxidation will have an appreciable effect on results previously 
calculated. However, as long term oxidation is of importance in the storage of coal, this 
is certainly an avenue of research which should be further explored. 
It is appropriate to draw attention to the extreme importance of preparing coal for 
experiment without subjecting it to oxidation. Winmill and Graham took extensive 
precautions to do this which almost certainly accounts for the reliability of their results. 
The precautions which have been taken in the experiments described in this thesis are 
described in Chapter 4. 
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Also, most recently, Gethner 26 identified several thermal and oxidation reactionswhich 
indicated that the low-temperature oxidation of coal is complex so that any single 
difference analysis ( spectroscopic or chemical) will not provide adequate information 
about the multiple changes which occur. He found that the evidence for simultaneous 
reactions through his 'kinetic" study of oxidation of Illinois coal by the method which is 
called the time-resolved in -situ FT-i.r. difference spectroscopy. The graphical 
visualization of the spectral changes clearly illustrate that multiple reaction occur during 
the low temperature of 25 °C~ 100 °C. The presence of at least three reactions is inferred 
from the temporal behaviour of the absorbance changes. The main point of his work, 
again, was to suggest that the the overall compositional effects of oxidation will depend 
critically on both the time -temperature conditions of the oxidation, i.e., the pre-treatment 
and sample handling history of the coal. 
Heat evolution during the low temperature oxidation of coals has been widely studied. 
The lower values of ~0.3 J/ml 02 are due to physical adsorption 27, 28, and the higher 
values of ~25 J/ml 02 have been found only when the coals are extreme fresh and clean 
or at elevated temperatures 27, 28, 29. The more frequently quoted values are 12~ 15 J/ml 
o2 19, 28, 30, 31, 32, which are likely the effective values of interplay between exothermic 
and endothermic processes like physical adsorption, chemisorption, desorption and 
decomposition of reaction products. These processes take place simultaneously during 
the heating of coal instead of one after another. 
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CHAPTER 3. REVIEW OF EXPERIMENTAL STUDIES ON THE 
SPONTANEOUS HEATING OF COAL 
3.1. Experimental Methods 
Experimental studies serve as the theoretical foundation in understanding the problem of 
the spontaneous combustion of coal. These studies have shown that the most important 
factor in spontaneous heating is the susceptility of coal to oxidation, with low rank coals 
more susceptible than high rank coals in the sense that the low rank coals exhibit higher 
1 
rate of oxidation at low temperatures than the high rank coals. On the other hand, low 
rank coals have higher moisture contents which complicates any theoretical treatment. 
Other factors that also affect the spontaneous heating process include moisture transfer in 
the coal bed, air flow rate either caused by external wind pressure difference or the 
temperature difference between coal mass and ambient (buoyancy force), coal particle 
size, temperature, pyrite content, geological factors, and mining technique 2. 
Prevention of spontaneous combustion is based on suppressing those factors, which 
have been shown to be important by experimental studiel At present, there is no simple, 
universally applicable laboratory test for spontaneous combustibility, and no simple and 
effective method of preventing the spontaneous heating of coal. There are methods, i.e. 
condensing tar vapour on the coal surface 4, 5, available for the prevention of low rank 
coals but none have been applied on a large industrial scale. 
Experimental methods used to investigate the problem of spontaneous combustion 
include six general categories as follows: 
1. Isothermal Calorimetry: 
A coal sample is placed in a relatively large bath held at a constant temperature. Heat 
generated, by chemical reaction or physical adsorption/adesorption in the coal sample, is 
measured by differential thermocouples and dissipated in a large heat sink. The rate of 
heat generation can be used to compare or to calculate the heat balance during 
spontaneous combustion 5. 
If analyses of the gas products are carried out, one can work out the heat due to the 
consumption of certain amount of reactant gas, i.e. the heat of oxidation (Joule per ml of 
oxygen absorbed by coal sample) 6, 7. The thermal effect of water ad sorption can be 
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investigated by measuring the water vapour pressure of the outlet gas which will be 
described in Chapter 8. 
2. Adiabatic Calorimetry: 
The coal sample is placed in well insulated container and the system is heated under an 
inert environment to a preselected temperature. When the coal sample is subjected to air 
or oxygen, the temperature of the coal sample rises. If there is negligible heat loss to the 
surroundings, a change of temperature of the coal sample can be accurately measured. 
The change in temperature during a defined period has been used to compare the 
spontaneous combustibility of different coals 8, 9. 
One adiabatic method is the determination of ignition temperature, sometimes called the 
Lowest (Smallest or Minimum) Spontaneous Heating Temperature 10, 11, 12 . In this 
method, a current of air or oxygen flows through a coal bed. The resulting rise in 
temperature either proceeds to ignition or to a maximum temperature and then falls. The 
experiment is repeated at different starting temperatures until a temperature is found , 
below which the coal will not spontaneously ignite and above which, it does. This 
temperature is known as the ignition temperature. 
The importance of moisture content has been demonstrated in experiments in which the 
ignition of 2 kg of dry coal has been achieved from starting temperatures around 20°C 8, 
9. Under those circumstances, the ignition has been achieved within an hour, using 
oxygen saturated with water vapour. The extension of the adiabatic method from an 
essentially isothermal container to a 2 m long cylinder with heat and mass transfer 
gradients along the length, is the main subject of this thesis. 
3. Oxygen Absorption: 
A coal sample is placed in a container and air or oxygen is added. 
In a static system, gaseous reaction products are periodically removed and the amount of 
air or oxygen that must be added to maintain the system at constant pressure is used to 
estimate the amount of oxygen consumed. 
In a flow system, the flow rate and the analysis of the outlet gas are used to calculate the 
oxidation rate. From the oxidation rate, a rate of temperature rise can be calculated if the 
heat of oxidation per unit volume of oxygen absorbed is assumed. However as has been 
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noted in Chapter 1, the rate of oxidation is a complex function of temperature, degree of 
oxygen and the moisture content. The initial high rate of oxidation falls to only 20% of 
its value in the first 100 hours of oxidation in fresh air and then settles down to a rate of 
about 10 ml per hour per kg of coal at room temperature 6, 13, 14. Although this 
relationship is reasonably established using isothermal experiments, the rate of oxidation 
of coal whose temperature is changed during the oxidation process has not been 
measured in a systematic way. 
4. Temperature Differential ( DT A ): 
The coal sample is placed in an enclosure and heated at a programmed rate, often a steady 
rate of rise of temperature. (i.e. 5°C min -1) Temperature difference between the coal and 
a reference container is measured. Initially the coal temperature lags behind the reference 
material and this period coincides with the evaporation of moisture from the coal. At 
some point above 100° C, the temperature of the coal will exceed the temperature of the 
reference material ( in the presence of oxygen ). In this type of experiment, heat is 
continually being added to the coal and the reference material by heat transfer from the 
surrounding. Attempts have been made to relate the differential temperature curves to the 
behaviour of the coal on spontaneous heating 15, 16, 17. The simplicity of the experiment 
has not enabled the complex heat and mass transfers which occur during spontaneous 
heating to be duplicated. 
The temperature 'crossing points method' is a variation of differential temperature 
methods. In this experiment, the temperature at which the coal is observed to rise 
appreciably above the surrounding temperature is taken to be a measure of its 
susceptibility to spontaneous heating 18, 19, 20. Once again, the simplicity of the 
experiment does not duplicate the complex heat and mass transfer observed in practical 
spontaneous heating situations. 
5. Basket Heating: 
The sample is contained by a basket in an oven. The critical ambient temperatures for an 
ignition is then determined. 
The Frank-Kamenetskii model of thermal ignitions is applied in analysis of the 
experimental data, which takes into account the conduction of heat within the mass of 
reacting solid 21. A parameter o is defined by: 
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o = x 2 q p A exp( -E/RT0 ) / [ K (RT0 2 /E) ] 
where x = characteristic dimension; q = exothermicity; p = density; A = pre-exponential 
factor; K = thermal conductivity of the reacting mass. The onset of instability 
(occurrence of ignition) is marked by there being no solutions to the steady state energy 
equation. Via b, this occurrence is dependent on x, since for set conditions of ambient 
temperature and shape, a large assembly of reactant is more likely to ignite than a small 
assembly. For any such assembly, an ignition is inevitable if the following condition is 
fulfilled: 
o > Ocrit 
where Ocrit is a critical value of o. The experiments using the baskets with different 
sizes are carried out to assess the dcrit via (T 0)crit, Good correlations have been obtained 
against the proposed theory even though moisture transport was sometimes involved 22, 
23 . However, in the mathematical theory, the moisture transfer has been neglected. The 
reason behind those good correlations should be further studied. 
6. 'Full Scale' Experiments : 
The 2 m long column, which will be described in details in this thesis, appears to provide 
a large enough length to allow the flow interplay between the heat and mass transfer in 
spontaneous heating process as air is passed through the coal. 
In the 2 m column test, each experiment involves approximately 110 kg of crushed coal. 
Radial heat flux is controlled by computer and it is minimised to less than 0.1 W radial 
rate of heat loss to ambient. As such, this apparatus provides a one dimensional process 
to allow coal to heat spontaneously from ambient temperature to over 100°C, beyond 
which it is generally believed to go on fire 24, 25. An air flow of 707 ml/min at STP is 
normally used in the system. 
A large test facility at the US Bureau of Mines, which has also achieved a temperature 
well beyond 100°C spontaneously, is the 1.8 m by 1.8 m by 4.6 m long, insulated 
enclosure, that has a forced ventilation system, computer controlled temperature and gas 
measurement systems to monitor the heat and mass transfer processes that occur in the 
coal bed and can hold 14 tonnes of coal. The maximum temperature reached in one test 
was 340°C 26. 
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3.2 General Factors Affecting the Spontaneous Heating Process 
1. Coal Rank: 
It is a generally accepted fact that spontaneous combustion is a rank-connected 
phenomenon 27, 28. In general, the rate of oxidation is the highest with low rank coal 
and falls with increasing rank. On the other hand, the moisture content of the low rank 
coal is always highest. Lignite moisture contents commonly exceed 40 % whilst 
anthracites moisture contents are around 1 %. As the interplay of these two factors; rate 
of oxidation and moisture content, is the determinant factor in the development of 
spontaneous heating, the connection of rank with spontaneous heating is complex. 
However, although low rank lignite do oxidise and heat very rapidly to 100°C, their 
moisture content can delay the occurrence of ignition almost indefinitely. Sub-
bituminous coals are known to be very susceptible to spontaneous heating and this 
tendency continues into the lower rank bituminous coals. Higher rank coals, however, 
are less susceptible. 
2. Moisture Content: 
As has been stressed continually in this thesis, moisture content has a very strong effect. 
The major factor is the heat needed to evaporate the moisture 5, 6. However, as described 
elsewhere in the thesis, the moisture content itself does affect the rate of oxidation which 
further complicates the process. 
3. Temperature: 
The rate of coal oxidation is highly dependent on temperature. The generally accepted 
relation between oxidation rate and temperature is an Arrenius relationship 29, 30, 31. 
4. Air Flow Rate: 
The air flow provides oxygen needed for oxidation and to some extent, dissipates the heat 
generated by oxidation. However because of the low thermal capacity of the airflow 
normal encountered, the heat carried away in the airflow is usually small compared with 
heat of oxidation and heat of drying 32_ However, it is clear that a large forced air flow 
could be made sufficient to keep the coal cool 5, 6. But in practical situations, where the 
air flow is produced by natural convection, this is usually not sufficient to prevent a 
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heating. In any particular c:ircumstances, there will be a critical a:ir flow which is ideal for 
promoting temperature rise. This critical a:ir flow will vary depending on c:ircumstances. 
5. Particle Size: 
Particle size has an inverse relationship to the spontaneous heating of coal but it had been 
found that when the particle size is less than certain limit, around 0.11 mm, the initial 
oxidation rate reaches a maximum 33. It has also been found that in coal stockpiles, 
h . . al . 1 . . . £ h d f fi 34, 3 s-t ere are cntJ.c partlc e sizes existmg or t e most anger o rre 
6. Pyrite Content: 
There is evidence that the sulfur minerals pyrite and marcasite can play important role in 
promoting spontaneous heating. Generally, the pyrite concentration must exceed 2 % 
before it has a significant effect 36. 
7. Mining Engineering: 
The underground mine has more spontaneous heating hazards than other situations. 
Areas where the crushed or broken coal can accumulate, especially the gob areas, present 
a high hazard potential due to the large surface area of broken coal which is available for 
oxidation and the poor ventilation conditions 37. A:ir leakage into abandoned areas of 
mine provides the oxygen for coal oxidation. Changes in ventilation may cause air 
leakage and may suddenly introduce moist a:ir. There are critical flow rates that provide 
sufficient oxygen for oxidation but do not fully dissipate the heat generated. 
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CHAPTER 4. APPARATUS 
4.1 The 2-Metre Long Column System 
4.1.1 Construction of the Column 
The column is the major equipment of this project (see Figure 4.1 ). It has been built and 
modified by undergraduate students from 1984 to 1987 I, 2, 3, 4 and by the author of this 
thesis from 1987 to 1990. The details of its structure and the computer control system 
are described in the next two sections. 
The 2-metre column is a cylindrical enclosure 2 m long and 30 cm in diameter which can 
contain about 110 kg of crushed coal and through which air can be passed along the long 
axis. The cylinder is made from. 20 gauge stainless steel, flanged at each end, and this 
provides the basic strength and also an air tight surface. Because, in earlier experiments, 
it was found that the coal shrinks appreciably during the spontaneous heating process, an 
extra section was added at the top about 30 cm long, which contains a reserve of coal 
which passes down into the column as the heating develops. The column is made near 
adiabatic in a radial direction by a system of 15 heaters along the length of the column 
which are controlled so that the temperatures excess of the inside over the outside, at any 
15 points along the length, is never greater than 0.2 °Kand never becomes less than 0. 
There is a central array of 15 thermocouples along the long axis, the design of which is 
one of the major achievements of this project and matching the thermocouples along the 
axis is another 15 at the same lengths attached to the outer shell of the column. Each set 
of 15 duplicate thermocouples are connected differentially which provides an extremely 
reliable method of assessing their differences in temperature providing their output 
voltage can measured sufficiently accurately. The signals from these thermocouples 
control the heater duty at each of the 15 sections. The design of the outer shell is made 
more complex because of three considerations. 
1. It is desirable that the largest temperature drop between the inside and the outside 
occurs not across the coal but across the shell wall. 
2. It is desirable that the temperature in each section, at the wall is reasonably uniform. 
3 It is also desirable that the heat flow longitudinally along the stainless steel be reduced 
to a minimum. 
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Figure 4.2 The Geometric Diagram of the Column 
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To achieve condition No. 1, the column wall was originally lined by a 10 mm thickness 
of impermeable foam rubber(a ground squab as used by trampers). However, this 
material deteriorated 
and shrank off the stainless steel wall at the higher temperatures and was replaced by a 
nylon carpet as described in the experimental details. 
The 'fur' surface of the carpet is expected to reduce the short circuiting of gas flows 
which is known to occur between particles and a smooth wall. 
To achieve No 2, aluminium liners were fitted adjacent to the stainless steel on both the 
inside and the outside of the column. The liners were each 13.7 cm long and provided a 
thermal break between each section, independent of the stainless steel main shell. The 
external liner had an important function in evening out the heat input from the heaters 
which were wound on the exterior of this aluminium shell. The internal liner had the 
function of presenting to the measuring thermocouple, on the outside of the shell, an 
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Figure 4.3 The Top Portion Structure and the Thermal Control 
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drilled through the stainless steel so that the thermocouple could be attached directly to the 
aluminium liner. However, this arrangement proved extremely troublesome in that leaks 
often occurred at these holes and as the tests proceeded screws had to be let in through 
the holes to stop leakage. Figure 4.6 gives details of the final arrangement used. 
Fifteen separate heating coils were wound on the fifteen outer aluminium sections. These 
heating coils were made in the University in the early stages of the project and they 
consist of nichrome wire enclosed in a 2 mm fibre glass sheath coated with Teflon. The 
fibre glass sheaths are themselves contained in fibreglass cloth and each heater can be 
taken off the column separately. These heaters have given no problems during the 
project. There is a 16th similar heater on the extra section at the top, wound around the 
outer vertical surface, and also a supporting heater which wanns the end of the column 
and consists of a spiral element between two aluminium discs bolted to the flat top of the 
column. The top heaters of the column are controlled so that the temperature gradient 
between the outside top surface and the inside coal, adjacent to the top, is reduced to less 
than 0.2 °K as this is the condition on which the original mathematical model was based. 
See figures 4.3 for the arrangements. 
Each heater is connected in series with light bulbs which have a total wattage of 200 
watts. Although this arrangement was originally used because it was difficult to obtain 
and judge the necessary wattage for the actual heaters themselves, the arrangement has 
proved extremely useful in that the light bulbs indicate to what degree the heaters are 
working and also by varying the wattage it has been possible to find the best wattage so 
that control could be optimized. It has been found that a 200 watt lamp, in series with 
each element, (which are driven by the 230 volt AC supply) gives a satisfactory output 
for each heater of 60 watts each. Commercial heating lines are now available which 
would allow this wattage to be matched without the large voltage drop associated with 
lamps and any future design should incorporate this, though lamps should still be used as 
indicators of the heater duty. 
Surrounding the entire shell is a 20 mm thickness of Kaowool, and each of the fifteen 
sections has its own blanket of this material in a fibre glass sheath so that each one can be 
removed separately. 
The sampling ports are at the same levels of the thermocouples (those holes had been 
used to fix the central thermocouples probes previously by B J Harris 3 and Livingstone 4 
). The present structure of the sampling port is shown in Figure 4.4 (a). 
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(b) The Previous Port 
Figure 4.4 Sampling Port Structure 
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Earlier ports were simply glued metal to metal as shown in the same Figure 4.4 (b). This 
structure is not strong enough and gave rise to leaks. 
4.1.2 System of Temperature Measurement 






Figure 4.5 A Typical Section of the Column 
An arrangement of one section from the column is shown in Figure 4.5. This system is 
the heart of the whole spontaneous heating apparatus. It consists of two sets of 
thermocouples (they were copper-constantan originally, later chrome1 alumel). One set 
of the fifteen couples was glued at the outside surface of the stainless steel. A typical 
couple fitting is shown in Figure 4.6. The joint of the couple must not contact the 
stainless steel shell otherwise leakage to earth will cause extraneous voltages. The 
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couples are evenly arranged along the length of column. The copper-constantan 
thermocouples were replaced by Chromel-Alumel wires in late 1989. 
Thermocoup1J for 
Tern perature Record 
I Plastic T 
I Araldit 
I Seal 
Thermo coup l ~ 








Figure 4.6 The Outside Thermocouple Fitting 
The inside thermocouples must fulfill several conditions, some of which conflict. 
1. They should not conduct enough heat along their length to significantly affect the 
heat transfer through the coal. 
2. They should be strong enough to withstand the filling and emptying of the column. 
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3. Their electrical resistance to earth must be greater than 10 Mohm. 
Five different designs have been used which, in chronological order, are: 
1. Forty gauge double enamelled copper constantan wires inserted by a hypodermic tube 
through ports in the outer shell. These couples were intended to be replaced for each 
test. In view of our later experience, it is astonishing how successful these couples were. 
The main reason they were abandoned was that they moved downwards as the coal 
contracted during the run, thus making the controlled differential temperature not 
perpendicular to the long axis of the column, particularly near the air exit. 
2. Similar couples threaded across a diameter of the shell through opposing ports in the 
shell. These couples proved too fragile, they did not withstand the movement of the coal. 
3. The couples were enclosed in a 4 mm ID glass at their correct positions. This proved 
to be too fragile. 
4. The couples were enclosed in 2 mm ID silicone rubber tubes, one for each couple and 
supported by a length of nichrome wire on the long axis of the column. The couples 
were prone to breakage by accidental stretching of the silicone tubes. 
5. Teflon covered chrome! alumel couples (32 gauge ) were suspended along the long 
axis of the column supported by a length of 32 gauge nichrome wire. It was found that 
occasional defects occurred in the Teflon insulation and this was remedied by coating the 
couple array in RTV, a commercial silicone rubber. The array was wrapped in three 
layers of teflon plumbing tape and then impregnated with silicone oil under vacuum. 
This arrangement has proved satisfactory. 
Details of the measurement of the couple to earth resistance are given in appendix. 
(B) Record of the Temperature Profile Versus Time 
The temperature profiles versus time during the tests were measured by a series of fifteen 
copper-constantan thermocouples located at the same positions as the outside differential 
thermocouples described in the above section. The voltage output of the thermocouples 














Figure 4.7 Temperature Recording System 
4.1.3 Ensuring that the System is Airtight 
No perceptible leakage in the system could be tolerated and because of the small flow of 
air through the column (700~800 ml/min) and its large volume (0.54 m3), ensuring that 
no leaks occurred was an important part of the project. 
As shown in Figure 4.8, the method of metal-metal, but using RTV to fill any 
imperfections, is used to seal the top & bottom interfaces between the cap and the 
column. The assembling steps are as follows: 
a. Carefully polish the surfaces which are going to be sealed. 
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b. Squeeze the RTV thickly along the surface of the ring of the main 2 m column (see 
Figure 4.8). 
Top Portion 
Figure 4.8 The RTV at the Surface of the Joint between the Cap and the 
Column 
c. Tighten the nuts around the flange evenly. 
The central thermocouple rope was threaded through the central tube at the bottom. The 
brass tube through which the thermocouples wires pass, is contacted by the' 0 'ring to a 
surrounding sleeve in order to ensure that there is no gas leakages from the main column 
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( Not to Scale ) 
Figure 4.9 The Air Tight Structure at the Bottom of the Column 
The central thermocouple 'rope' was threaded through the brass tube (Ref. to Figure 4.S) 
and made airtight as it passed through the brass by liberal application of RTV. 
The brass tube can be inserted from the bottom of the column into a close fitting steel tube 
and the gap (0.5mm) sealed by a Neoprene 'O' ring. 
The gas sampling ports and the contacting of the external differential thermocouples were 
a source of troublesome leaks. 
The following two diagrams show how the system was tested for leaks: The air-tight 
system is firstly checked by a flow system shown in Figure 4.10. If there is a minor leak 
( the large leaks can be found by injecting soap water to the intersurfaces ), a helium 
detector has to be used to find out where the leak is ( Refer to Figure 4.11 ). This work 
has been very time-consuming due to the complicated structure of the 2m column. Also, 
previously drilled holes are most susceptible to leaks until they have been sealed by 
metal-metal method. 
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Figure 4.11 Helium Detection 
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4.1.4 The Flow System 
The arrangement of the gas flow system is shown in Figure 4.12 and the pressure drops 
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Figure 4.12 The Flow System of the Apparatus 
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Figure 4.13 Demonstration of the Pressure Drops along the Flow System 
As the velocity is so slow we do not need to take into account the velocity head. The air 
enters at ab'out 1 m of water head above atmospheric, generated by inlet water pressure 
relief. The first major pressure drop is at the screw clip which controls the flow. 
As the air leaves the system at atmospheric pressure, the pressure drop across the screw 
clip will always be sufficient to make the total pressure drop across the system 1 m of 
water. Usually the pressure drop across this screw clip will be the largest single drop in 
the system. 
The air next passes through the flow meter and the pressure drop here is that indicated by 
oil in the manometer, at the moment about 0.3 m of water head. 
After this, the air passes through the humidifier and then the flow indicator. The total 
drop here is about 0.02 m. 
Next, the air goes through the column with a very small drop, measured at less 3 mm of 
water by manometer, then through the condenser and finally through the outlet water 
bubbler. The total drop through all these is about 0.05 m of water only. Finally, the 
outlet gas passes through the gas analysis train. 
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4.2 Radial Heat Flux Control 
The system for controlling the radial heat flux in the column had been well developed in 
the past, by Hanson 2, Harris 3 and Livingstone 4 since 1985. The details can be found 
in Harris's report. No major change has been made after Livingstone, although the 
wiring system has been totally replaced as well as the thermocouple fittings( Refer to 
section 4.1.2 ). Much effort has been put into improving the controlling thermocouples. 
The latest wiring system for control of heat flux is shown in Figure 4.14. 
For one pair of the control thermocouples, the connections are shown in Figure 4.15. 
(The monitoring thermocouples are also shown in the diagram.) 
An Epson QX-10 computer has been found to be sufficient for both the heat flux control 
and monitoring the temperature difference and heater duty. The program used by Harris 
(1986) and Livingstone (1987) has been used without much changes except the 
CONTROL subroutine in which a change was made to allow the measurement of 
negative voltage signals. The old SPI was replaced by a new one which has a wider 
scale of digits to allow the negative voltage reading to be converted. 
The latest control sequence is as follows: 
The expected maximum temperature difference across the shell of the column is (-5 °C - 0 
- +5 °C). Therefore the signal from the differential thermocouples of (-208 µV - 0 - +208 
µV) is amplified by 47000 times to (-9.823 V - 0 - +9.823 V) and this is then entered 
through the QX-10 computer port and converted to a digital signal of (0 - 4095 - 8190) 
by the 12 bit AID converter. To achieve the necessary signal stability, 400 measurements 
of the thermocouple voltage are fed to the amplifier and the mean voltage is determined by 
the computer. 
The controller action is of the form developed by Hanson(1985) 2: 
where: 
V=V+l!iV 
k1 = kc x ( 1 + l!it/t i ) 
k2 = - kc 
l!i V = k1E1 + k2E2 
kc = controller gain; E 1 = present error; 
E2 = past error; /!it = sample interval; t i = integral time; 

















• 16 Channel AID Converter 
Figure 4.14 Wiring System for Heat Flux Control 
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Figure 4.15 Wiring of one pair of control thermocouples 
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This action has been conducted by the present CONTROL program through the 
following commands: 
where 
TEMP= (TEMP - (OFFSET x 409.5) - 4095.0) x 0.001221 
ERR 1 = TEMP - SETPNT 
ERR2 = PTEMP - SETPNT 
DELV = (CFl x (CF2 x ERRl - ERR2)) x 2.55 
TEMP (left hand side)= temperature difference (°C); 
TEMP (right hand side)= signal of the temperature difference (digit); 
SETPNT = setting point (when SETPNT = 0.0, the controlled 
temperature difference is zero); 
ERRl = present error of controlled temperature difference (0 C); 
ERR2 = past error of controlled temperature difference (°C). 
Multiplying by a factor of 0.001221 in the first command is to convert the digital signal to 
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Figure 4.16 OFFSET / Temperature Difference 
So the OFFSET in subroutine CONTROL should be set according to this relation. 
Figure 4.16 shows the relation between the OFFSET and the temperature difference 
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(Outer shell temperature - Central Temperature, at the same level of the column) across 
the shell to the central line of the column. When the OFFSET is equal to 10, the 
temperature difference is zero. 
Normally the control program is set so that if the inner couple is 0.1 °C hotter than the 
outer couple, the heater duty is zero and if the inner couple becomes even hotter than this, 
the outside heaters are switched on. 
4.3 Thermal Properties of the 2 - m Long System 
4.3.1 Blank Test using An Inert Material 
When the experiment was originally designed, the calculations, which established the 
control system, were based on the published heat transfer coefficients. Originally, 15 
separate impermeable foam rubber sheets, attached to the inside wall of the column, were 
expected to provide the major resistance to heat transfer, which meant that the major 
temperature drop between the inside of the column and the outside was expected to occur 
across these foam rubber sheets. The calculations showed that for the rubber, a 
temperature difference of 0.2 °C would produce a heat flow of less than 0.1 watts for 
each of the 15 controlled sections of the column. The original design data and 
calculations by Stott 5 (see Table 4.3.1) are provided here as a reference. Because the 
rubber was replaced by Nylon carpet, it was necessary to know the thermal conductance 
of the Nylon carpet and how good the thermal control of the column now is. 










Length of the section 
Diameter of stainless steel shell 
Thickness of shell 
Thermal conductivity of shell 
Thickness of inside insulation 
Thermal conductivity of inside 
insulation 
Assumed rate of oxidation 





20 Wm-1 °K-1 
10mm 
0.10 Wm-1 °K-1 
10 ml (Kg.hr)- I 
12 J m1-1 
* Coal bulk density 
* Coal specific heat 
* Moisnrre content of air at 45 °C 
* Moisnrre content of air at 55 °C 











Volume of coal 
Weight of coal 
Air flow rate 
Rate of heat generation by oxidation 
Rate of heat generation needed 
to raise coal temperature to 80°C 
in 300 hours 
Drying capacity of air, assuming 
saturation maintained, as the air 
temperature rises from 45 °C to 
55 °C as it passes through 
the section 
Thermal effect of drying 
Heat accumulation in steel 
shell assuming a change of 
temperanrre gradient along 
shell of 5 °K/m per the 
0.133 m length of section 
Heat flow through inside insulation 
at instant of maximum possible 
temperature difference 
(0.2 °C across insulation) 
740 g m-3 
920 J Kg-1 °K- 1 
84.4 g m-3 
148.8 g m-3 
1.0 cm min-1 
8210 ml 
6.08 Kg 
616 ml min-1 
21.2 W 
0.41 W 




If the column is filled with an inert material of known specific heat, and a known 
temperature difference is applied between the outside and inside of the column at each of 
the 15 controlled sections, then the rate of the temperature rise and the temperature 
profiles of both at the axial direction and at radial direction can be used to work out the 
heat transfer which occur between the inside and the outside. 
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Ground rubber powder ( ~ 1 mm) was chosen to be the test material which is a by-product 
of tyre manufacture. This is available without any cost and is very clean and easily 
handled. The moisture content of the rubber was 0.8 % on dry basis as obtained under 
vacuum at 105 °C for 2 days. As such the thermal effect of moisture transfer can be 
neglected. 
The experimental procedures are as follows: 31.6 kg of rubber powder is put into the 
column which is heated by a temperature OFFSET technique (refer to section 4.2: Radial 
Heat Flux Control) to keep the temperature of the steel shell higher than the central 
temperature of the column. The OFFSET used was 2 volts so that the constant 
temperature difference was 3.2 °C. The temperature rise profiles were recorded (see 
Figure 4.17 ( a) & (b)). The temperature profiles in a radial direction, at different levels 
of the column, were measured by a differential thermocouple which could be inserted 
through sampling ports into the column by a 1 mm OD hypodermic tube. The results of 
these experiments are given in Figure 4.18. 
After carrying out this experiment, the OFFSET was set to 10.0 volts (temperature 
difference was zero). After allowing~ 10 hours for conditions to settle, the temperature 
profiles in a radial direction at different levels of the column were measured (as shown in 
Figure 4.18). It was found that the biggest temperature drop from axis to steel shell was 
~ 1 oc. 
The experimental results are used to work out the heat conductivity of the rubber bed, the 
heat transfer coefficient across the steel plate at the bottom to the ambient and the heat 
flow profile along the column. 
4.3.2 The Heat Flow Profiles along the Column 
The bulk density of the rubber packed bed was 227.04 kg per m3 in the column. The 
specific heat of the rubber was measured, by using the microcalorimeter as 1.491 k:J per 
kg per °K which does not conflict with literatures 6. The specific heat of as-received 
Ohai coal is 1.8 k:J per kg per °K, measured by using the Microcalorimeter. The heat 
capacity (pCp) of the rubber bed measured is 338.5 kJ per m3 per °K compared to 1440 
kJ per m3 per °K of Ohai coal. The calculations on the heat flows are shown in Table 
4.3.2. The biggest temperature rise occurred at section #8, its rate of heat gain being 
0.39 watt. Using these facts, after remaining with OFFSET to be 10 for~ 10 hours, the 
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maximum temperature difference between the outside and inside was 0.9 °C, a heating 
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Figure 4. 17 (a) 
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Figure 4.17 Temperature / Time Profile at Different levels 
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Figure 4.18 Radial Temperature Profiles during External Heating 
Table 4.3.2 Calculations on Heat Flows 
---------------------------------------------------------------------------------------------------------
Section Number Rate of Temp. Weight Heat Flux across Shell 
Rise (°K/sec) (Kg) (W) 
1 4.743 X lQ-5 2.30 0.16 
2 6.581 2.14 0.21 
3 7.937 2.14 0.25 
4 9.001 2.14 0.29 
5 9.001 2.14 0.29 
6 9.679 2.14 0.31 
7 1.016 X 10-4 2.14 0.32 
8 1.220 2.14 0.39 
9 1.016 2.14 0.32 
10 9.388 X lQ-5 2.14 0.30 
11 9.292 2.14 0.30 
12 9.582 2.14 0.31 
13 9.679 2.14 0.31 
14 9.001 2.14 0.29 
15 7.356 1.56 0.17 
4- 24 
4.3.3 Estimation of the Heat Conductivity of the Rubber Bed 
A calculation of the heat balance on section #5 was carried out to estimate to heat transfer 
coefficients of the rubber bed. 
The two-dimensional differential equation (heat balance per m3 of the rubber bed) which 
describes the heat transfer process of the rubber bed is as follow: 
p Cp iff/clt = k c)2T/clX2 + k r -1 cl( r iff/clr)/clr (4.1) 
Where Cp is the specific heat of rubber (J/Kg/°K); p is the bulk density of rubber bed 
(Kg!m3); k is the heat conductivity of the rubber bed (W/rn/°K). 
Rearrange the equation (4.1), then, 
p Cp iff/clt - k a2T;ax2 = k r- 1 cl( r iff/clr)/clr (4.2) 
Assume that the rate of temperature change and the heat transfer in the axial direction by 
conduction to be constant during the time increment and can be calculated by the time-
average values from the temperature records. Therefore the left hand side of the equation 
can be considered as constant. Integrate the equation with respect to radial distance r 
from central line, we have, 
iff /cir= 0 .5 A r/k + C1/r (4.3) 
where A is equal to (p Cp iJf / cit - k a2T / ax2). 
Integrate the equation (4.3) again, rearrange it as: 
T = 0.25 A r 2 /k + C1 ln(r) + C2 (4.4) 
where C1 and C2 are integration constants and need to be calculated through the boundary 
conditions. The boundary conditions are: 
r = 0.0 m, iJf /cir = 0.0 
r = R = 0.15 m, T =Tc+ 3.0 (°C) (according to the measured value) 
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where Tc is the temperature at central line of the column. The constants of C 1 and C2 
are obtained as 0.0 and (Tc+ 3.0) - 0.25 AR2fk respectively. Therefore the temperature 
T(r) is as follows: 
T(r) = 0.25 (r2 - R2) k- 1(pCp aT/at - k a2T/aX2)+(Tc + 3.0) (°K) (4.5) 
where the rates of temperature rise were measured values; the second derivative of 
temperature against distance can also be worked out from experimental measurement on 
temperature profiles. 
Considering section #5, which is 13.3 cm tall and 30 cm in diameter, the time-average 
( 0.,,/Jae) 
values of temperature at sections of #4, #5 and #6"are as follows: 
T4 = 40.60 °C 
Ts= 40.60 °C 
T6 = 42.15 °C 
so the heat conduction term (k c)2T/c)X2) is equal to 87.63 k 0N/m3). 
Applying the measured temperatures at radial direction at section #5 in equation (4.5) (see 
Table 4.3.2), the value of k can be worked out: 
Table 4.3.3 Thermal Conductivity Profile 
Radial Distance (r) Temperature (0 C) Thermal Conductivity 
(mm) (°C) 0N m -1 oK -1) 
60 40.1 0.035 
80 40.9 0.038 
100 41.8 0.042 
120 42.8 0.052 
the average value of heat conductivity of the rubber bed is 0.04 W per m per 0 K. The 
thermal conductivity measured by the thin heater apparatus built by Stott most recently 
was 0.048w perm per °K which was very close to the value obtained above. 
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4.3.4 Estimation of the Heat Transfer Coefficient at the Bottom of the 
Column from inside to Ambient 
The boundary condition at air entry, as far as the computer simulation is concerned, had 
been set as first boundary condition which maintains the temperature at the air inlet (X = 
0.0) constant at room temperature, i.e., 25 °C. This is doubtful, both in the column tests 
and in practical situations. The author had noticed that the temperature at the surface of 
the steel plate at the bottom during those coal tests to be around 10 °C higher than the 
room temperature when the maximum temperature inside the column became more than 
50 °C. It is essential to know the heat transfer coefficient (h) across the bottom plate to 
ambient before conducting any computer simulation. 
• 
Assuming the temperature drop across the steel plate at the bottom is negligible, the 
boundary condition at the bottom surface of the bed is therefore as follows: 
k (aT/oX)s = h (Ts -Ta) (4.6) 
C i.e. 7i ~ Tz ) 
Using now the data from the rubber bed experiments, Ta is the ambient temperature and 
Ts is the temperature at the surface of the rubber bed. 
Therefore his, from equation (4.6) to be 0.206 W per m2 per °K. 
4.4 Gas Analysis 
As described in section 4.1, the 'air' samples are obtained by inserting a fine-steel probe 
through the column shell to the central region of the column. A sample of approximately 
100 ml is sucked out (normally taking 15 seconds) by a syringe from one sample port. 
(Ref. to Figure 4.4) The time interval between sampling from two ports is about 8 ~ 10 
minutes. It has been noted that the time interval can not be less than 3 minutes otherwise 
the sampling will affect the gas flow field along the column & give incorrect readings. 
There are 8 sample ports, uniformly distributed along the length of the column. It takes 
about an hour to finish sampling gases all the 8 ports. 
After the profiles of 02 partial pressure at different times along the column are measured, 
the data can be used to calculate the oxidation rate of the tested coal. The equation used to 
calculate the oxidation rate of coal is : 
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where: 
ro2 = G1n [ (Po2 , in - Po2 , outl/(1 - Po2 , outl ] (4.7) 
r02, is the rate of oxidation at S.T.P., ml/min; 
Gin is the volumetric flow.rate of the dry 'air' at S.T.P., ml/min; 
ai"'1E'ns,on fl'H 
Pai in is the dry 02 partial pressure at inlet of a section of column; 
' " -d;,.,et1~ionlei s 
Po2 out is the dry Oi partial pressure at outlet of a section of column. , I\ 
A computer program has been written in Fortran for the calculation of oxidation rates. 
The gas samples have been analysed during the first 2 years of this project, by a 
paramagnetic oxygen analyser in the department, which uses a laser beam reflection 
method to amplify the signal i.e. the oxygen mole fraction from O to 21 % is read by a 
horizontal length of O to 258 mm. In the last year of this project, a digital oxygen • 
analyser has been used. This apparatus is very convenient in the sense that no hand 
calculations on converting raw data to exact reading of partial pressure of oxygen is 
needed. 
A reasonably full scale gas analysis has been performed since the second year of this 
project. A series of gas analysers for CO2, CH,i, CO and HC analysers, have been 
connected to the outlet of the column. 
All the gas analysers used in present studies must use a sample free of moisture, so the 
gas samples which will go through the analysers have to be first de-humidified by 
passing through drying tubes containing ' blue ' silica gel particles. The gas sample must 
be passed for at least one hour so that its components ( other than water vapour ), can 
come to equilibrium with the silica gel. 
Obviously, the gas contents measured this way are integrated values depending on the 
path of air travel. However in mining practices, the various gas analysis ratios (i.e. 
Graham's ratio of mol CO/ mol 02 removed) is used to minimise this difficulty. Once 
the rate equation of the coal oxidation is established in more detail involving the partial 
pressures of CO2 and CO etc, the integrated gas analysis at outlet of the column could be 
used to confirm the new model equation of oxidation rate. 
The gas emissions from New Zealand coals which we have been testing in column will 
definitely be valuable data to people who are doing research on gas equilibria in 
underground coal mines or gas emissions from mines elsewhere in New Zealand 7. 
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4.5 Experimental Preparation 
4.5.1. Coal Sample Collection 
Fine coals were used in the first 2 column tests and were directly obtained from coal 
dumps, which were known to have been well oxidised in the open air for some years. 
The samples used after this have been obtained fresh from the coal face. 
For all of the fourteen experiments carried out on the 2m column, nearly 40% of the 
samples were collected by Stott and the author with the help of the New Zealand Coal 
Association (Inc), Coal Mine Inspectors, Mine Managers and New Zealand Railway. 
The fresh samples are obtained in this way: 
1. Newly cut from the mine face and sent out of mine within one hour in pieces of 1000 
cm3 ~ 15625 cm3 . 
2. Immediately packed in 40 gallon drums with fines filling in the voids. The drums had 
air tight lids. 
3. Stored in the drums until crushing. 
4. Crushed to the size of ~2 mm3 
In the letters to coal mine managers asking for the sizes, it has always been emphasised 
that the coal lumps should be larger than 1000cm3 . However without our attendance at 
the mine sites, this request has not always been strictly observed. 
The size of samples sent to us is normally smaller than the required one, generally 216 
cm3 . The characteristics of the coal samples before crushing are stated in the sections 
on column data (Ref. to section 5.2 ). 
4.5.2 Coal Preparation 
It is important to maintain the 'as received' properties of the fresh coal before column 
testing the material. This task includes maintaining the 'as received' moisture content and 
'as received' freedom from oxidation. 
The fresh coals used for the column tests described in this thesis came directly from the 
seams at temperature close to ambient temperature. Storing fine coals in a deep freezer 
helps to keep coals' natural moisture after crushing & before starting an experiment. This 
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method also especially prevents further oxidation before a test. The coal fines were 
normally contained in a few air-tight plastic bags placed in the deep freezer. However, 
the later operation procedure ( Refer to section 4.5.4) makes it possible to fill the column 
straight after crushing. 
Crushing lump coals (>1000 cm3) to fines (~2 mm3) was not an easy task during the 
first one and a half year's of the research project. The crushing was done within the 
Chemical and Process Engineering Department. As shown in Figure 4.19, large coal 
was firstly cooled in liquid Nitrogen before crushing by hand to less than 2cm3 blocks. 
This coal was then fed to a hammer mill and crushed to approximately 10mm. Finally, a 
roll crusher was used to reduce the coal further to a required size of less than 5mm3 · 







Figure 4.19 Crushing Coal Lumps by Hand 
This tedious operation was eliminated by using a medium scale hammer crusher located at 
Lyttelton habour near Christchurch. This crusher can take lumps of around 5~8cm3 size 
and the fines produced are around 2mm3 which is a desirable size for column test. This 
takes only about 2 hours at the most. 
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Liquid nitrogen is used during all the crushing operations in order to keep an inert as well 
as a cool surrounding atmosphere. 
Size analysis was carried out as follows: A given mass of coal was sequentially sieved 
through screens of decreasing size. The mass of coal which passed through each sieve 
was weighed. 
_ 4.5.3 Filling and Emptying the Column 
The ~ 120 kg of fine coal for each run produced by the roll crusher were put into seven 
high impact polythene buckets with air tight lids and taken back to the laboratory from 
Lyttelton habour in about 40 minutes. Th_e coals were then lifted to the top of the 2m 
column and poured into the column until it was full. 
To empty the column, a vacuum cleaner is used to provide a lower pressure in a sealed 
40- gallon drum (as shown in Figure 4.21) and the coal 'sucked' out of the column. The 
coal fines may have agglomerated due to the free water presence and these larger pieces 
may stick in the vacuum tube which transports the fines. One has to frequently shake the 
vacuum tube, especially the end of the tube in the column, so that the tube is not 
completely buried into the coal mass otherwise fines will easily block the flow. It was 
then decided that the tube should be cut at its end to an angle (as shown in Figure 4.20) to 








Figure 4.20 Empty the 2-m Long Column 
This whole task takes at least an hour to finish. 
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4.5.4 A Flowsheet of the Preparation for one-run on the 2m column 
The flowsheet of the preparation for one run on the 2m column below shows the method 
of coal handling which finally evolved: 
Sample Collection 
Sample Storage in 
University 
LJ I 
Q Q Q 
..----~ 
Crushing Coal at 
Lyttelton 
Filling the Column 
Sealing the Column 
Deep Freezer 
Filling the Top 
Portion 
Figure 4.21 Coal Sample Pre,paration 





The coal sample is not necessarily stored in the deep freezer after arrival at University. It 
usually take one or two weeks before crushing while the lump coal is kept in the air-tight 
drums & around which fine coals are filled to consume most of the oxygen available 
there. 
Normally, from crushing coal to starting an experiment on the column, it takes about 5 
hours of continuous work involving both the author and Mr. Glen, a senior technician in 
Chemical Engineering Department. 
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CHAPTER 5. A SUMMARY OF EXPERIMENTAL CONDITIONS 
AND OBSERVATIONS OF THE EXPERIMENTS CARRIED OUT 
USING THE 2 - METRE LONG COLUMN 
5.1 Introduction 
The experimental conditions and the results from these tests are influenced by the nature 
of the coal used. Particularly, if fresh un-oxidised coal was used, the experiment could be 
concluded within three weeks and it would not be necessary to have recourse to external 
heating to reach a temperature which would give meaningful results. Conversely if the 
tests were carried out on coal which had been well oxidised, usually by storing in a dump 
for some years, the test could be very prolonged and in order to get a reasonable 
temperature rise within four weeks, external heat would have to be added to the column. 
Because of the length of time each test takes, the number of tests was strictly limited and 
it is important that all data from the tests be recorded. The experiments described below 
are not in chronological order but are grouped into the two obvious sections. The first 
section being the tests carried out on fresh un-oxidised coal and the second section being 
a description of tests carried out on old coal. 
In describing the effect of the difference in temperature between the outside and the inside 
of the column, the following facts should be borne in mind: 
1. A 0.2 °C difference between the inside and the outside of the column, results in a heat 
flow of ~0.02 watts into or out of each section of the column. 
2. For old coal oxidising, at room temperature, at a rate of 2 ml of oxygen per hour per 
kg of coal, (the lowest we have recorded), the generation of heat within one section 
would be only 0.04 watts. 
3. With the highest rate of oxidation we normally encounter, at room temperature, that is, 
300 ml of oxygen absorbed per hour per kg of coal, the heat generated within each 
section would be 7.3 watts only. 
These facts are explained in the section of Thermal Properties of the Column in Chapter 
4. It follows that the temperature difference between the inside and the outside of the 
column has a strong effect on the column performance and as the best control we expect 
to obtain is about± 0.2 °C these facts must be borne in mind when interpreting the data. 
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It is also important to realise that the temperature OFFSET specified as an input into the 
control programme of the column is an ideal, which is usually realised until temperatures 
start to rise sharply around 70 °C because the control of the column is sufficiently good to 
maintain this during the early stages of the heating which by far are the most important. 
Before temperatures start to rise rapidly the degree of control the programme is able to 
ensure that as little as 0.02 watts is removed from each section of the column. However, 
as temperature rise above 70 °C the degree of control which could be exercised sometimes 
deteriorates so that perhaps up to 0.1 watts is being lost by the column. At these 
temperatures, the heat generated by the coal has also increased, for instance an oxidation 
rate of 10 ml hr-I Kg- I would have become about 700 ml hr I Kg-I so releasing 17 .1 
watts per section. 
The tables record: 
I. The temperatures 
2. The rate of coal oxidation as calculated from gas analyses at different levels in the 
column. 
3. The total oxygen absorbed by the coal during the experiment at the stated time. This 
quantity has to be calculated from the oxidation rate and is needed when defining the 
oxidation rate as a function of time and degree of previous oxidation. 
4. Outlet gas analysis 
It must be realised that much of the data available cannot be depicted fully on the graphs 
and also a full analysis of this data would perhaps take up to two years to work out. 
5.2 Coal Samples Used in the 2 - Metre Long Column Tests 
Coal samples were divided into two groups: One is 'old coal' and the another is 'fresh 
coal'. The 'old' coals are those kept in a dump in open air for approximately three to four 
years and are sized less than 10 mm3. These coals are regarded as well oxidised 
samples. One test of these old coals in the column system could take more than two 
months to be completed if no extra heat is added by the external heaters as described in 
Chapter 4. These coals are Ohai old fines and Newvale Lignite fines. 
The fresh fine coals were produced by crushing lump coals ( normally sized from 1000 
cm3 to 16000 cm3 ) which were freshly mined from the mine and sealed in drums with 
air tight lips within 24 hours. These coals came from Ohai, Benneydale, Ferndale, 
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Glenafton Marumarua, Glenafton Pirongia, Huntly East. Ohai, Stockton and 
Strongman coal mines. Some of the information on the initial samples are provided in 
Table 5.2.1. As mentioned in section 4.5.1, some of these coals' initial sizes of 125 
cm3 were not the same as required by us. These coals were from Benneydale and 
Glenafton mines. 
However, Ohai test (B), in which air was passed from top down to the bottom of the 
column, used a sample which was bought from New Zealand Coal Corp, in the town of 
Christchurch, of lump size around 343 cm3. Nevertheless, this sample showed an 
oxidation rate similar to that of the coal obtained at the mine. 
Table 5.2.1 Coal Sample Status before Crushing 
Benneydale (1990) (A&B) 
Ferndale (1989) 
Huntly East (1989) (A&B) 
Marumarua (Glenafton) (1990) 
Pirongia (Glenafton) (1990) 
Newvale Lignite (1988) 
Ohai Old (1988) 
coal sized~ 125 cm3 , very wet ( ~ 26 % 
Moisture Content on dry basis), kept in two 
air tight drums for ~ 6 weeks and 10 weeks 
before crushing 
coal lumps of 4500 cm3 , stored in the air 
tight drums for ~9 weeks before crushing 
big lumps like Ferndale sample coals, stored 
in the air tight drums for ~ 2 weeks and ~ 5 
weeks respectively 
coal sized ~ 125 cm3 , wet, kept in an air 
tight drum for ~ 4 weeks before crushing 
coal sized~ 125 cm3, wet, kept in an air 
tight drum for ~ 7 weeks before crushing 
old fines from coal stockpiles, sized less 
than 1 cm3 , previously oxidised in open air 
for more than 3 years 
old fines from coal stockpiles, sized less 
than 1 cm3, previously oxidised in open air 
for about 4 years 
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Ohai (A) (1989) 
Ohai (B) (1990) 
Stockton (1990) 
Strongman (A) (1988) 
Strongman (B&C) (1990) 
coal lumps of~ 1000 cm3, stored in the air 
tight drums for ~4 weeks before crushing 
coal slacks sized~ 343 cm3, kept in an air 
tight drums for only two days 
coal lumps sized~ 125 cm3, stored in the air 
tight drums for~ 5 weeks 
big lump coal of~ 15000 cm3 , stored in the 
air tight drums for ~ 10 weeks before 
crushing 
coal lumps sized~ 125 cm3, stored in the air 
tight drums for ~6 weeks and 11 weeks 
respectively 
After crushing, the cumulative size distributions, through given sized sieves, were 
measured by a method described in section 4.5.2, Chapter 4. The results for the samples 
crushed are listed in Table 5.2.2 and among them, the coals crushed in the Chemical & 
Process Engineering Department are noted by (D) (Ref. to section 4.5.1). 
Table 5.2.2 Size Analysis 
Sample Name: Benneydale(A) Benneydale(B) Ferndale Huntly East (A) 
Size - Micron Cumulative mass % through sieve 
4000 91 90 40 90 
2000 49 47 16 53 
1000 12 13 8 29 
500 5 5 4 14 
250 2 3 2 7 
125 1 2 
(D) 
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------------------------------------------------------------------------------------
Sample Name: Huntly East (B) Marumarua Newvale Lignite Ohai (Old) 
Size - Micron Cumulative mass % through sieve 
4000 88 91 100 100 
2000 51 52 89 87 
1000 28 27 65 68 
500 13 14 33 45 
250 6 7 15 22 
125 3 4 5 9 
------------------------------------------------------------------------------------
Sample Name: Ohai (A) Ohai (B) Pirongia Strongman (A) 
Size - Micron Cumulative mass % through sieve 
4000 98 95 94 100 
2000 62 53 63 58 
1000 38 25 30 28 
500 24 14 20 11 
250 9 7 9 6 
125 5 3 5 2 
(D) 
Sample Name: Strongman (B) Strongman (C) 
Size - Micron Cumulative mass % through sieve 
4000 93 96 
2000 63 72 
1000 35 41 
500 20 24 
250 10 12 
125 5 6 
Where: A, B or C denote the tests that were duplicated. 
The approximate analysis as sampled at mine is shown in Table 5.2.3. These analysis 
were carried out in New Zealand Coal Research Association. 
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Table 5.2.3 Coal Analysis 
------ -------- ---- ------------------ --- ----------- ----- ------------------ -- -------- -
Coal Mine M A VM FC Net Calorific Value s SB 
(%) (MJ Kg ·1) (%) 
Benneydale 22.4 6.8 34.9 35.9 21.20 2.11 (AM) 
Huntly East 20.3 3.0 35.4 43.3 24.54 1.43 (AM) 
Marumarua 2.8 4.6 39.9 52.7 31.25 0.20 (AD) 
Pirongia 11.0 12. 40.3 36.7 22.14 3.32 (AD) 
Newvale Lignite 39.1 3.2 31.4 26.3 15.50 0.32 (AM) 
Ohai 16.4 3.0 34.9 45.7 25.66 0.17 (AM) 
Stockton 6.8 1.8 31.9 59.5 32.71 1.32 (AM) 
Strongman (A) 4.2 4.8 40.3 50.7 30.25 0.17 (AR) 
Strongman (B&C) 2.7 3.7 42.1 51.5 31.77 0.19 (AD) 
Where: M --- Moisture Content; A --- Ash Content; VM --- Volatile Matter; FC --- Fixed 
Carbon; S --- Sulphur Content; SB --- Sampling Mass Basis. (AM) --- as mined; (AR) -
-- as received by CRA; (AD) --- air dried basis. 
The bulk densities were also measured in our laboratory and presented in Table 5.2.4. 
The status of the coals used in the tests are also listed in this table. 
Table 5.2.4 Bulk Density and Sample Status (after Crushing) 
Coal Mine Bulk Density Sample Status 
( Kg m-3) 
Benneydale (A) 781.2 (Fresh, fine) 
Benneydale (B) 785.4 (A in duplicate) 
Ferndale 694.8 (Fresh, fine) 
Huntly East (A) 694.8 (Fresh, fine) 
Huntly East (B) 747.7 (A in duplicate) 
Marumarua 640.1 (Fresh, fine) 
Pirongia 683.3 (Fresh, fine) 
Newvale Lignite 715.8 (Old, fine) 
OhaiOld 836.7 (Old, fine) 
Ohai (A) 710.0 (Fresh, fine) 
Ohai (B) 737.0 (A in duplicate) 
Strongman (A) 697.3 (Fresh, fine) 
Strongman (B) 727.3 (Fresh, fine) 
Strongman (C) 718.4 (Bin duplicate) 
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5.3 Descriptions of the Experiments 
Descriptions of two tests on one well-oxidised coal and one fresh coal are firstly 
presented in detail in order to clarify the experimental procedures for both categories. 
Later, the more general comments ori the other coal tests will be described. 
5.3.1 Ohai Old Coal 
(1) Column Start-up: The experiment was started on 29th of February 1988. 
Initially, the air flow rate had been set around 98 ml min-I for about a week then changed 
to an average rate of 100 ml min-1 at S.T.P. The outlet oxygen partial pressure at the 
position, two metre away from the air entry had been higher than 10% until the maximum 
temperature reached 44 °Cat 1.85m from the air entry. After the maximum temperature 
became 66 °Cat 0.7m from the air entry, the oxygen mole fraction at the same place as 
above came down to 1 % or less. 53 days after the column's starting, the maximum 
temperature remained at 80 ~ 89 °C and the test was terminated. 
(2) Radial Heat Flux Control and Temperature Rise: This experiment was 
done as a duplicate of the one used by M. I. Livingstone I in 1987. ( The air flow rate 
used in Livingstone's run was 147 ml min-I at the beginning and then down to about 85 
ml min-1 after 10 days. The air flow rate was increased to 466 ml min-I after 27 days). 
In the present test, the maximum temperature occasionally reached 95 °C after 49 days of 
heating. Then it dropped to 80 ~ 89 °C for another 4 - 5 days. 
Livingstone's results showed that 94 °C was reached after 34 days of continuous self-
heating. Comparison on the maximum temperature/ time and the 02 partial pressure/ 
time curves between the Ohai coal test done by Livingstone and the present one done by 
the author are shown in Figure 5.1 & 5.2. 
In order to save time during this Ohai coal test, the OFFSET technique was used to 
accelerate the heating process. The OFFSETs used during these two old Ohai coal tests 
are listed in the following table: 




Test by Livingstone 
OFFSET i1T (0 C) 
10 0.0 
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Test by the author 
OFFSET L1 T (°C) 
10.2 -0.08 
7 - 10 
11 - 14 
15 - 30 









* ~Tis the temperature difference between the outside shell and the central line of the 
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Figure 5.1 Maximum Temperature / Time, by Livingstone and 
the author of this thesis 
20 .-------------------------, 
m by Livingstone 
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Figure 5.2 Oxygen Partial Pressure at Outlet / Time, by Livingstone and 
the author of this thesis 
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The coal samples used by Livingstone (1987) 1 and the author were obtained from the 
same coal dump at the same time. However, the sample used by the author had more 
surface water and was filled into the column for testing almost one year after 
Livingstone's test. 
(3) Moisture: After the temperature reached about 70 °C, the amount of water driven 
off during the heating process in the coal bed, collected from both the bottom and top of 
the column, increased rapidly until the end of this test. At this time, the minimum 
moisture content in the column w.as around 7 % on dry basis and occurred at the position 
of 0.3 m away from the air entry and the maximum occurred 1.7 m from the entry and 
was about 24 %. 
5.3.2 Ferndale Fresh Coal 
(1) Column Start-up: Ferndale fresh coal was collected from the mine. Initially, the 
coal sample was classified as lump coal which was normally about 4500 cm3. In the 
laboratory, the lumps were crushed to less than 1.5 cm. During crushing and filling of 
the column, a lot of liquid nitrogen was poured both into the coal containers and the 
column. The coal sample in the column was very cold initially (about 12.0 °C) but as 
soon as we sealed the top we started the air flow which rate was 610 ml min- 1. The 
outlet oxygen partial pressure was zero (which could involve the higher Nitrogen partial 
pressure) in the first half day. One day after start, the flow rate decreased gradually to an 
average value of 500 ml min-1 until the end of the test. 
During the first two days, the thermocouples placed in the top to insulate the top end had 
been connected wrongly and the heater controlled by the couples gave more heat to the 
top end. 
(2) Radial Heat Flux Control: The temperature rose very rapidly to ambient 
temperature and then to higher values. The OFFSET had been set at 10.0 during the 
whole period of the test i.e. the temperature between the inside and outside of the column 
was zero. 
(3) Temperature: A diagram of the temperature-distance profiles at different times is 
presented in Figure 5.6. The maximum temperature-time history is shown in Figure 5.14 
among others. Compared with the other fresh coal test done by B.J. Harris (1986) 2, 
very similar shapes of the profiles within the first 3 days were obtained. The maximum 
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temperatures occurred at the position of 0.4m away from the air entry until a steady level 
of 81 °C had been reached. Then this temperature spread to the middle of the coal bed 
and to the top. A dramatic temperature rise from 81 °C to 90 °C was caused by an air shut 
down for about 4 hours. The large temperature rise is a good example of how, when 
evaporation caused by the air flow ceases, a rapid temperature rise is possible until the 
reserve of oxygen in the column is used up. This implies that the ' breathing ' effect, 
known to occur in practice, could be a very useful future research topic. 
The maximum temperature of 81 °C had been reached after 7 days and then remained at a 
similar level for more than one week. 
(4) Oxygen: The Oxygen partial pressure versus distance at different time are shown 
in Figure 5.3. In the first 2 days, the oxidation rate decreased gradually which could be 
strong evidence of the oxidation extent effect. The oxidation rate increased later after 3 
days showing that the temperature effect became more significant than the extent of 
oxidation of coal. However, after a steady level of 81 - 83 °C was reached, the oxidation 
rate started to decrease slowly which may imply that if no locally dried region occurs in 
the coal bed for a long period, there is no way to go on fire because the coal oxidation 
rate at a constant temperature will decrease as its extent of oxidation increases. However, 
this is an over simplistic view, as the effect of moisture and heat transfer over a long 
length of crushed coal is very complex. Also, as the rate of oxidation has never been 
observed to be less than 10 ml hr-1 Kg-1, the associated heat release should eventually 
dry the coal as shown by the following calculations: 
20 0.4 day 20 13 3.5 days Ill 
,--... 
1 day i • ?days ~ • .__, 
1.5 days .. a 12 days .. 15 a ... 15 ... ::s ::s "' 16 days "' 2days "' • "' • .... ... ... ~ 
~ 
] 




Cl .. .. c,l) 
5 c,l) 5 .... .... ~ 
~ 0 0 
0 1--_..___......__ _ _._,_..., 
0 50 100 150 200 
0 L--..L--...::.i..~-.:i--i 
0 50 100 150 200 
Distance from Air Entry (cm) Distance from Air E11try (cm) 
Figure 5.3 Oxygen Partial Pressure - Distance Profiles at Different Times 
( Ferndale Coal Test ) 
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If the rate of oxidation is 10, then the heat generated by the oxidation is 120 J hrl Kg-1. 
If the coal moisture content is 20 %, the amount of moisture in 1 Kg of sub-bituminous 
coal should be 0.2 Kg. Therefore, the time needed to dry the coal is equal to (0.2 Kg x 
2400,000 J Kg-:- l ) / 120 J hrl Kg-1), which is 4000 hrs (assuming the latent heat of 
water evaporization is 2.4 MJ Kg-1 ): 
(5) Moisture: The final moisture content - distance profile has been found to be a 
similar one to that predicted by Quan. This profile was obtained by collecting the 
samples from different levels along the column (15 levels). The samples were placed in a 
vacuum dryer at 105 °C for 4 hours. The profile is shown in Figure 5.4. The minimum 
moisture content was found 0.2 m from the air entry; the value was 4 %. The maximum 
moisture content was 31 % at 0.75 m from the air entry. This moisture content arose 
from the moisture driven off from the region near the entry and then condensed at the 
upper region of the column. However, as the column after the test was allowed to cool to 
near room temperature (normally this procedure takes one day or an even longer time) 
before opening, the moisture transport in the column during this period may significantly 
change the final moisture - distance profile. 
00~~~20~~4~0-~6~0~~8~0~-10L0~-i2L0~-1~4~0~-1j60-~1~80_c__J200 
Distance from Air Entry (cm) 
Figure 5.4 Final Moisture Content I Distance from Air Entry (Ferndale 
Coal Test) 
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The high moisture content at the inlet is caused by the drainage of water from the top 
region where the vapour condensed. 
(5) Radial Heat Flux Control: The temperature rose very rapidly from 11 °C to 
ambient temperature and then to higher values. The OFFSET was set as 10.0 during the 
whole period of the test. 
5.3.3 General Comments on the Coal Tests in the Column 





Huntly East (A) 
Huntly East (B) 
Marumarua · 
Table 5.3.1 Experimental Condition 
Extra Heat provided 
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Miscellaneous 
Nil 
the central thermocouple rope (Ref. 
to Chapter 4) dropped into the coal 
bed as the top supporting string was 
broken due to rust; the temperature 
control at section 14 & 15 was not 
reliable 
opposite connection of the 
thermocouples for controlling top 
boundary adiabatic condition; a 
power shut for ~ 4 hours occurred at 
day 10 after starting 
Nil 
Nil 
the insulation material came off from 
the #10 external thermocouple to give 
wrong reading of temperature 
Pirongia Nil 
N ewvale Lignite Yes 
Ohai Old Yes 
Ohai (A) Nil 
Ohai (B) Nil 
Strongman (A) Yes 
Strongman (B) Nil 
Strongman (C) Nil 
difference (central temp. is always 
higher than outside shell temp.). A 
constant amount of extra heat has 
therefore been provided by # 10 







On the 13th day of the test the 
ignition occurred of some nylon 
carpet on the top of the column. 
More insulation had been mistakenly 
used below the top heater than 
normal and this almost certainly 
caused the ignition of the carpet. 
More water compared to the next test 
was collected from top. 
Nil 
Although the mishaps quoted gave detectable differences between duplicate runs - noneof 
them affected the results in a way which destroyed the value of the results, e.g. in the 
Strongman Coal Tests (B and C) as shown in Figure 5.12 and Figure 5.13, it can be seen 
that the maximum temperatures of over 100 °C occurred at the locations where the 
moistures were firstly dried out; Their results from gas analysis are also compatible (Ref. 
to the Tables in Appendix I). 
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Table 5.3.2 Water Collected during the Column Tests 
Coal Mine Water collected (ml) 
( bottom ) ( top ) 
Benneydale (A) 1000 2980 
Benney dale (B) 0 2080 
Ferndale 1300 3181 
Hqntly East (A) 25 5300 
Huntly East (B) 19 5065 
Marumarua (Glenafton) 0 735 
Pirongia (Glenafton) 25 5220 
Newvale Lignite 50 1480 
Ohai Old 0 1600 
Ohai (A) 95 5236 
Ohai (B) 3100 0 
Strongman (A) 0 1420 
Strongman (B) 0 3671 
Strongman (C) 0 3765 
5.4 Observed Data from the 2 - Metre Long Column Tests 
5.4.1 Temperature Profiles, Oxidation Rates Recorded 
The temperature - distance profiles at different times whilst no extra heat was added 
during the coal tests over the length of the column are shown in Figure 5.5 to Figure 
5 .13. The exact data of temperature, oxygen partial pressure from the 2 metre long 
column are presented in Appendix I (1 - 14) in a form which has already been described 
in the first section of this chapter. The coal tests with extra heat being added are 
described in more detail by the records on the controlled temperature difference during 
each experiment in section 5.5. 
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Figure 5.6 Temperature - Distance Profile / Time (Ferndale Coal Test) 
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Figure 5.8 Temperature - Distance Profile / Time (Huntly East Coal (B)) 
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S.4.2 Outlet Gas Analysis 
The experimental procedure of gas analysis has been described in Chapter 4. The data on 
the outlet gas analysis are presented in this section. 
Table S.4.1 Benneydale Coal (A) Test 
---------------------------------------------------------------------------------------------------------
Time from Start Di C()i co Cf4 HC Flow Rate Tmax 
(hour) (%) (ppm) (ml/min STP) (OC) 
28 14.2 0.110 0.11 0.01 21 736 30.1 
51 13.7 0 .165 0.11 0.03 19 736 36.5 
79 13.0 0.230 0.14 0.03 12 781 53.7 
99 7.20 0.317 0.16 0.01 0 763 66.4 
121 4 .30 0.413 0.18 0.00 18 726 85.7 
151 4. 20 0.420 0.17 0.03 37 743 87 . 1 
169 3.80 0.455 0.18 0.01 21 777 89.7 
193 0.00 0.460 0.19 0.01 20 777 92. 5 
216 0.00 0.514 0.19 0.03 22 766 93 .7 
5 - 19 
243 0.00 0.500 0.20 0.03 19 716 103.0 
266 0.00 0.429 0.22 0.05 10 753 103.1 
344 0.00 0.568 0.28 0.06 22 736 110.2 
------------------------------------------------------------------------------------
Table 5.4.2 Benneydale Coal (B) Test 
---------------------------------------------------------------------------------------------------------
Time from Start Oi COi co Clf4 HC Flow Rate Tmax 
(hour) (%) (ppm) (mVmin STP) (QC) 
55 17.0 0.110 0.02 0 724 26.9 
97 16.2 0.139 0.04 0 727 37.1 
122 14.9 0.165 0.09 0 745 46.1 
148 13.6 0.201 0.11 0 718 54.7 
176 11.5 0.300 0.12 0 743 66.4 
219 8.2 0.375 0.14 0 745 78.8 
247 8.9 0.425 0.14 0 796 78.5 
267 9.0 0.361 0.14 0 733 77.7 
322 9.0 0.330 0.14 0 781 77.8 
370 9.1 0.350 0.14 0 796 78.3 
446 9.5 0.375 0.13 0 796 77 .8 
514 9.9 0.390 0.13 0 768 76.2 
570 11.1 0.410 0.12 0.01 - 760 73.2 
685 11.7 0.305 0.10 0.01 - 800 67.8 
----------------------------------------------------------------------------------- -
Table 5.4.3 Marumarua Coal Test 
---------------------------------------------------------------------------------------------------------
Time from Start Oi COi co Clf4 HC Flow Rate Tmax 
(hour) (%) (ppm) (mVmin STP) (°C) 
51 18.2 0.068 0.03 0.05 0.0 749 30.1 
84 15.7 0.135 0.04 0.03 0.0 498 42.1 
97 10.0 0.140 0.03 0.00 0.0 742 46.8 
118 9.6 0.255 0.05 0.00 5 345 60.3 
142 8.9 0.120 0.05 0.00 10 687 55.7 
155 0.0 0.450 0.15 0.03 10 687 92.3 
5 - 20 
Table 5.4.4 Pirongia Coal Test 
---------------------------------------------------------------------------------------------------------
Time from Start Oi cai co Cl¼ HC Flow Rate Tmax 
(hour) (%) (ppm) (mVmin STP) (CC) 
78 14.3 0.195 0.06 0.0 0.0 726 42.8 
84 13.1 0.255 0.07 0.03 0.0 726 45.2 
108 8.9 0.295 0.08 0.02 10 726 53.1 
120 8.7 0.430 0.13 0.01 67 652 62.3 
138 4.4 0.450 0.14 0.04 60 731 84.2 
143 3.3 0.575 0.15 0.06 50 736 85.8 
184 0.0 0.450 0.17 0.02 23 726 99.4 
Table 5.4.5 Huntly East Coal (A) Test 
---------------------------------------------------------------------------------------------------------
Time from Start Oi cai co Cl¼ HC Flow Rate Tmax 
(hour) (%) (ppm) (mVmin STP) (CC) 
73 9.3 0.135 0.10 0.00 12 669 46.4 
103 7.4 0.267 0.18 0.00 12 558 58.0 
127 5.4 0.315 0.18 0.00 10 726 71.1 
151 2.1 0.500 0.19 0.00 10 658 80.4 
176 1.0 0.465 0.20 0.00 10 547 88.3 
219 0.0 0.500 0.21 0.00 0 700 90.9 
235 0.0 0.500 0.23 0.00 0 680 97.6 
252 0.0 0.507 0.23 0.00 0 703 99.3 
276 0.0 0.441 0.25 0.05 10 687 100.0 
326 0.0 0.537 0.33 0.00 10 667 106.7 
I ------------------------------------------------------------------------------------
Table 5.4.6 Huntly East Coal (B) Test 
---------------------------------------------------------------------------------------------------------
Time from Start Oi cai co Cl¼ HC Flow Rate Tmax 
(hour) (%) (ppm) (mVmin STP) (CC) 
178 4.4 0.345 0.21 0.10 10 573 68.2 
219 1.2 0.340 0.25 0.07 0 703 88.6 
244 0.0 0.360 0.26 0.06 0 690 94.0 
270 0.0 0.360 0.26 0.08 0 700 98.7 
5 - 21 
279 0.0 0.390 0.26 0.09 0 700 99.8 
302 0.0 0.370 0.22 0.04 1 711 102.6 
------------------------------------------------------------------------------------
Table 5.4.7 Ohai Coal (A) Test 
---------------------------------------------------------------------------------------------------------
Time from Start Ch C()i co Cli4 HC Flow Rate Tmax 
(hour) (%) (ppm) (ml/min STP) (QC) 
5 15.8 0.065 0.55 0.00 460 418 18.8 
19 15.2 0.030 0.05 0.03 110 332 19.4 
32 10.8 0.030 0.00 0.15 50 338 22.3 
43 7.7 0.015 0.00 0.18 55 338 23.3 
54 14.5 0.090 0.06 0.08 120 354 26.2 
69 14.9 0.105 0.06 0.08 110 351 30.1 
80 13.2 0.123 0.08 0.06 122 354 35.2 
92 10.9 0.195 0.14 0.08 180 351 43.3 
115 10.6 0.185 0.12 0.08 145 374 46.8 
133 9.8 0.210 0.15 0.09 180 368 55.4 
140 8.1 0.265 0.12 0.09 142 371 59.1 
152 4.7 0.320 0.20 0.10 250 348 66.4 
161 4.3 0.425 0.24 0.12 270 341 72.1 
177 0.0 0.473 0.25 0.10 312 326 80.7 
188 0.0 0.500 0.25 0.08 318 362 83 .2 
201 0.0 0.320 0.25 0.06 310 332 87.5 
215 0.0 0.465 0.25 0.05 250 320 96.2 
223 0.0 0.320 0.25 0.05 141 407 97.7 
236 0.0 0.320 0.25 0.02 156 362 99.8 
308 0.0 0.370 0.28 0.01 140 313 104.2 
338 0.0 0.370 0.34 0.01 137 223 111.7 
------------------------------------------------------------------------------------
Table 5.4.8 Ohai Coal (B) Test 
---------------------------------------------------------------------------------------------------------
Time from Start Ch C()i co Clf4 HC Flow Rate Tmax 
(hour) (%) (ppm) (ml/min STP) (QC) 
83 16.8 0.060 0.30 0.04 - 756 25.1 
5 - 22 
101 17.2 0.068 0.28 0.04 - 791 30.0 
150 15.9 0.140 0.32 0.04 - 756 38.6 
252 4.6 0.465 0.30 0.03 - 744 75 .8 
275 3.7 0.490 0.52 0.02 - 731 87.9 
305 2.1 0.504 0.56 0.03 - 752 93.7 
329 1.8 0.462 0.67 0.02 - 762 101.5 
335 0.3 0.490 0.62 0.0 1 - 758 104.3 
------------------------------------------------------------------------------------
Table 5.4.9 Strongman Coal (B) Test 
---------------------------------------------------------------------------------------------------------
Time from Start Oi COi m Cf4 HC Flow Rate Tmax 
(hour) (%) (ppm) (mVmin STP) (OC) 
0.5 18.2 0.057 0.02 0.14 50 706 17.0 
31 18.0 0.040 0.02 0.08 30 677 17.8 
53 17 .7 0.225 0.02 0.06 0 706 20.7 
95 17.7 0.015 0.02 0.05 0 709 24.6 
144 17.5 0.016 0.02 0.05 0 713 28.9 
171 19.1 0.023 0.03 1.00 0 700 35.0 
213 18.1 0.100 0.03 0.05 50 722 42.3 
246 18.0 0.041 0.03 0.04 54 693 48.8 
269 17.0 0.075 0.05 0.07 60 700 56.0 
284 10.0 0.290 0.33 0.07 100 700 60.8 
315 17.4 0.065 0.05 0.03 70 709 60.4 
339 17.5 0.057 0.05 0.02 60 700 60.9 
387 17.0 0.080 0.03 0.00 50 667 68.7 
409 16.9 0.100 0.03 0.04 50 674 62.8 
435 16.3 0.135 0.08 0.05 50 680 76.3 
474 15.6 0.145 0.09 0.03 60 726 81.5 
493 14.1 0.170 0.14 0.00 85 703 90.8 
521 12.9 0.243 0.17 0.04 90 706 97.8 
535 11.4 0.280 0.21 0.04 100 706 104.8 
------------------------------------------------------------------------------------
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Table 5.4.10 Strongman Coal (C) Test 
---------------------------------------------------------------------------------------------------------
Time from Start Oi C()i co CI¼ HC Flow Rate Tmax 
(hour) (%) (ppm) (ml/min S1P) (OC) 
42 18.5 0.025 0.05 0.05 80 760 29.3 
65 18.6 0.021 0.05 0.05 57 788 31.8 
91 18.5 0.024 0.05 0.05 51 719 34.2 
115 18.5 0.031 0.02 0.04 70 742 41.6 
139 18.5 0.036 0.04 0.04 61 749 46.7 
160 18.0 0.045 0.06 0.03 70 746 51.6 
187 17.7 0.054 0.08 0.03 68 746 56.1 
215 17.6 0.073 0.04 0.06 62 742 59.6 
259 16.8 0.080 0.05 0.03 86 716 65.4 
283 17.6 0.074 0.05 0.02 92 796 68 .7 
329 15.6 0.115 0.06 0.03 113 792 76.5 
355 15.0 0.121 0.07 0.02 77 799 78.5 
403 13.5 0.154 0.09 0.01 120 726 83.5 
456 13.3 0.207 0.11 0.01 85 742 87.7 
476 12.9 0.173 0.12 0.00 100 719 89.6 
523 12.5 0.193 0.13 0.01 85 746 89.7 
595 12.4 0.210 0.15 0.01 80 777 92.4 
643 9.7 0.252 0.21 0.00 80 777 93.7 
689 8.7 0.252 0.21 0.00 80 709 107.5 
------------------------------------------------------------------------------------
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5.5 Discussion on the Results from Column Tests 
The experimental results from the column tests are expected to achieve the following two 
important points : 
1. Compare different coal's spontaneous combustion tendencies by simply plotting their 
temperature rises against time during their column tests. The higher the rate of 
temperature rise to just over 100 °C, the higher the potential of the coal to fire 
spontaneous! y. 
2. Improving the understanding of the mechanism of spontaneous heating process by 
comparing the results of the 2 - m long column with behaviour observed in practice. 
The maximum temperature - time curves of different fresh coals tested without adding 
extra heats are shown in Figure 5.14. 
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Figure 5.15 Maximum Temperature / Time Curves of Three 'Old' Coals 
Note that the external heatings during the three 'old' coal tests are as follows: 
1. Newvale Lignite: !). T = 0.0 °C, over O ~ 336 hours; !). T = 1.5 °C, over 336 ~ 
552 hours. 
2. Ohai Old Coal: !).T = - 0.08 °C, over O ~ 144 hours;!). T = 0.0 °C, 144 ~ 240 
hours; !). T = 0.05 °C, over 240 ~ 336 hours; !). T = 0.2 °C, over 236 ~ 1248 
hours. 
3. Strongman Coal (A): !). T = 0.0 °C, over O ~ 192 hours; !). T = 0.2 °C, 192 ~ 
816 hours. 
From the plots above, the Ohai fresh fine coal ( by Harris, 1985) was found to be the 
most prone to self - ignition whereas the Strongman fresh coal (B) is the least 
susceptible. According to the times needed to reach just over 100 °C for different coals 
(as more tests become complete it becomes apparent that the major difference between the 
coals is the length of time they take to reach 100 °C and remove their moisture), the order 
of the susceptibilities to self - ignition is as follows: 
Ohai > Pirongia > Benneydale > Huntly East> Ferndale> Strongman 
5 - 26 
1500 
Certainly the initial temperatures of 11.5 °C ~ 24 °C in those experiments are of great 
importance in the case of comparing different coal's spontaneous combustion tendencies, 
chopping off the time delays from a temperature lower than 24 °C to 24 °C, the sequence 
of the tendencies remain the same. A very common result is that three distinct regimes 






Figure 5.16 Three Regimes Distinguished during a Heating Process 
In Period I, the heat provided by coal oxidation brings the temperature up to ~ 50°C 
before moisture evaporation starts to affect the heating significantly. The temperature in 
this latter region is normally between 70°C ~ 80°C. 
After Period I and in Period II (the temperature is around 80°C ~ 100 °C), the drying 
process significantly delays the temperature rise. If the oxidation rate of coal, as the coal 
is oxidised further during this period, is capable of evaporating all the water at some 
location in a heap and is still available afterwards, the temperature will increase as shown 
by curve 1 to over 100 °C in Period III. Otherwise, the temperature will level off as 
shown by curve 2 in Period III. Similar temperature levels had been previously 
acknowledged in both coal storage and mining situations 3, 4, 5. It was noticed that the 
water ' flow ' from the top of the column became severe only when a maximum 
temperature of above 80 °C was found in all the experiments described here. The fact is 
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now very clear that the heat balance between the coal oxidation and the drying of coal 
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Figure 5.17 Huntly East Coal tested in duplicate 
400 
As shown in Figure 5.7 & Figure 5.8 in section 5.4.1, good duplicates were carried out 
on the Huntly East coal tests. The behaviour of the coals was similar to that of Ohai 
except that the attainment of 100 °C was delayed by about 8 days. (Ref. to Figure 5.17) 
From the proximate analysis provided by Coal Research Association, the Ferndale coal 
and Ohai coal look alike but exhibit different behaviour. The Ferndale coal did rise 
rapidly to over 90°C but temperature rises beyond this were slow. This probably 
indicates that the effect of drying of moisture does not simply depend on the amount of 
initial moisture content. The mechanism of the moisture bonding may play an important 
role. The effect of different types of moisture content, i.e. % of free moisture and % 
bonded moisture may need to be distinguished. 
The long time consumed during the first test on Strongman coal (Strongman (A)) was 
unexpected as it is known that Strongman coal exhibits a high potential of spontaneous 
combustion hazards. The extra heat was added to the coal bed after the first 8 days as it 
was thought the experiment would take too long to be finished in one month. By doing 
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so, the experiment took 36 days to be completed. It was then thought the coal sample 
might not come from the 'right coal mine' in the sense that there are a few mines located 
closely to each other. Even from the same mine, different seams could provide different 
behaviour of spontaneous heating. 
Two other Strongman Samples (Strongman (B) & (C)) were ordered to be sent to our 
laboratory for testing (they were from same seam but should be the 'expected one'). 
Good duplicates were again made except that the ignition of the top carpet , occurred in 
coal (B) test, did increase the rate of water removal from the top outlet of the column so 
the time needed to reach 100 °C and remove the moisture at one point in column was 
about 5 days earlier than the test on coal (C) (Ref. to Figure 5.18). 
Comparing the three runs on Strongman coal, it seems clear that these three coals have 
similar behaved similarly as their temperature rises during the first 8 days were similar 
and the lengths of the three experiments were similar. One may come to a conclusion that 
although the coal mine has trouble with spontaneous heating under certain mining 
conditions, the potential to a self-ignition is lower than the other coals tested in the 2 -m 
long column. The tests indicate that only certain parts of the coal seam - not yet tested -
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Figure 5.18 Duplicated Tests on Strongman Coals 
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The rapid rise of temperature during the test on Glenafton Pirongia Coal is thought to be 
due to its high total sulphur content, in which its pyrite content is ~ 88% of the total 
sulphur as measured by NZCRA for our request. This could be recognised as an 
evidence that the pyrite content of coal does play an important role in the high oxidation 
rate of its coal. As we allowed the test to continue for another two days and temperatures 
well over 110 °C were recorded by the thermocouples on the outer shell of the column. 
On stripping the column we found that several of the inside thermocouples were very 
brittle and the insulation showed signs of being heated far beyond the 120 °C we had set a 
limit. It appears that in these places temperatures over 200 °C must have been reached. 
An interesting point arises by comparing the Ohai fresh coal test by Harris in 1985, when 
a flow rate of ~ 707 ml min-1 STP was used whilst the Ohai fresh coal (A) test carried 
out by the author used a flow rate of 350 ml min-I. Besides, the initial temperatures were 
different(it was 24 °C in the first test by Harris and it was 18 °C in the coal (A) test), the 
mean particle sizes in both cases calculated by a method described in Chapter 9 were also 
different. A mean size of 1.96 mm was found for Ohai coal (A) and 0.95 mm for the 
coal used by Harris. Both the initial temperature and the particle size might be the main 
reasons that induced the first run much faster than the last one (Ref. to Figure 5.19). 
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However, the higher flow rate used by Harris was another factor in increasing the heating 
rate. The higher flow rate provided more oxygen than was available for oxidation in the 
Ohai coal (A) test. The effect of different air flow rates is a factor which should be 
further explored. More discussion on this issue will be presented in the general 
discussion in Chapter 10. 
In the last experiment on Ohai coal (Ohai coal (B)), the air was allowed to pass through 
the column from top to bottom, the particle size distribution was similar as that of Ohai 
coal (A). Comparing the outlet oxygen partial pressure at different times presented in 
Table 5.4.8 with that of Ohai coal measured by Harris, the oxidation rate was lower by~ 
50 % than that reported by Harris. No water drainage could occur in upstream air flow 
as happened in many other experiments (Ref. to Table 5.3.2). It was noticed that a more 
rapid temperature rise after 100 °C was reached than that of Ohai coal (A). This could be 
attributed to the higher flow rate which provided more oxygen for producing heat at that 
stage. 
Only one test has been carried out on Stockton coal. There was virtually no important 
temperature rise (2 °Cover more than 8 days). It was thought the test would last more 
than a month to reach to 100 °C and was terminated to save more time for the duplicate 
test on Benneydale coal sample and the experiment on downward air flow using Ohai 
coal sample. 
The CO2 partial pressures found in all the runs carried out in the column were higher than 
the CO partial pressures at all times (temperatures ranged from 11 °C to 110 °C). 
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CHAPTER 6. MATHEMATICAL ANALYSIS OF THE 
SPONTANEOUS HEATING OF COAL 
This chapter describes the mathematical equations governing the one-dimensional self-
heating process. Numerical solutions are provided and the results are compared with 
experimental results obtained in the 2 m column. 
6.1 Basic Equations of the One-Dimensional Model of 
Spontaneous Heating Process 
6.1.1 Assumptions used in the One-dimensional Model 
As described in Chapter 3, the energy transfer during the spontaneous heating process 
was originally expressed by Stott and Murtagh 1 in 1967. There has been little change in 
this equation since that time. The importance of their work was that the interaction 
between the heat of oxidation and heat of drying was described quantitatively. Even 
more importantly, the effect of a finite length of air travel was included. The work 
defined how far the air would have to travel through crushed coal at a given velocity 
before a fire would develop. 
Stott and Murtagh proposed two transient mathematical models of spontaneous heating 
process which concerned the mass transfer of moisture. They are: 
Model A: Assuming that at every place in a coal stockpile, the gas is saturated with 
moisture, and the vapour density in the gas stream is considered as a function of 
temperature 1,2 . 
Model B: Assuming that the moisture in the gas stream is in equilibrium state with the 
moisture in coal but saturation is not necessary, the vapour density in the gas stream is a 
function of temperature and equilibrium moisture content of coal 3. 
Stott & Murtagh's computer simulation (1967) showed that Model A was inadequate. 
The Model B by Stott and Quan in 1972 gave a reasonably adequate description of the 
process as in the numerical simulations, using the same oxidation rate equation as the one 
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used in Model A calculations, gave a maximum temperature above 100 °C whilst the 
Model B did not achieve such a point. 
With the exception of the above mentioned assumptions, both Model A and Model B 
share similar assumptions: 
1. The model is one-dimensional. ( Except in the study reported by Quan, in which two-
dimensional heat transfer calculations were involved as the radial heat loss from an 
experimental column of coal was too large to allow an one-dimensional formulation to be 
used.) 
2. In heat transfer, both conduction and convection are considered. The convection heat 
involve the heats transfered by dry gases and water vapour in the gas stream. 
3. In the transport of moisture, both diffusion and convection in the gas stream are 
considered. 
4. It is assumed that the entering gas flow rate is pre-fixed and independent of time. 
5. The local temperature of the coal and gas phase are assumed to be equal. This implies 
that the rate of heat transfer between the coal particles and gas is assumed to be much 
quicker than the bulk heating process. Therefore the temperature of the coal is assumed 
to be the same as the temperature of gas with which it contacts. 
6. Heat of drying ceases when the coal becomes dry. 
7. The heat conductivity of loosely packed coal particles is assumed to be proportional to 
the moisture content (MC) of coal, namely 0.1 W m-1 °K-1 when its MC is less than 5%, 
0.25 W m-1 °K-1 when its MC is 25%. 
8. the mass transfer of oxygen and the mass transfer of moisture are by both diffusion 
and convection; the pseudo steady state equations are used ( which means that the rate of 
local mass accumulation is negligible compared with the mass transfer rates ). 
The above assumptions have been made in this thesis except where stated otherwise. 
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6.1.2 Energy and Mass Conservation Equations 
(1) The basic equation of energy conservation is as follows: 
The local accumulation of heat in coal (I) = The conductive heat transfer via coal 
particles (II) 
- The convection heat transfer in the gas 
phase (III) 
Thus, 
I II III 
+ The heat generation due to coal 
oxidation (IV) 
- The heat of drying or wetting (V) 
IV V 
(6.1) 
where pg is the density of 'air', including both the dry mass of air and the mass of water 
vapour, Kg m-3; V g is the linear velocity of 'air', m s -1. The units of each of these 
terms above is watt per unit volume (m3). 
(2) The equation of oxygen mass conservation is: 
Thus 




The diffusion of oxygen in gas stream (II) -
The convective transfer of oxygen in gas stream (III) 
(Kg m-3 s- 1) (6.2) 
III 
where E is the void fraction of packed bed; p0 is the oxygen concentration in 'air', Kg 
m-3. 
(3) The equation of moisture mass conservation is: 
The rate of 
of drying(!) = 
- The diffusion of water vapour in gas steam (II) -
The convective transfer of water vapour in gas stream (III) 
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Thus 
rw = - Dw E a2pw/ax2 - Vg,d dPw.a/ax (Kg m-3 s- 1) (6.3) 
I II III 
where Pw is the vapour density in 'air', Kg m-3. 
6.1.3 Rate Equation of Oxidation of Coal 
As described in the review on mathematical analysis in Chapter 3, the oxidation 
characteristics can be described by the equation proposed by Stott and Murtagh 1: 
dOc/ dt = a exp(-E/RT) / (l.+bQc)IIl (Po2)Il (ml Kg-1 hrl) (6.4) 
where Oc is the ~ of qxY,gen consumed per Kg of coal; 
d,,np11s,ot1/n1 
PQ2 is the partial pressure of oxygen in dry gas analysis. 
/I 
This represented the main known features of oxidation of -6 mm Ohai coal 1. The shape 
of the oxidation curve as a function of temperature and amount of oxygen previously 
absorbed was mainly derived from the work of Winmill and Graham4,5 on a large variety 
of English coals including sub-bituminous coal. The author of this thesis has modified 
this equation to allow the constants in the equations to be more easily obtained from the 
rate of oxidation data which has become available from gas analysis at several levels in 
the 2 m column during the spontaneous heating test. The collection of this sample is 
described in Chapter 5. 
The author has changed the formulation of the oxidation rate to: 
dOc/ dt = a exp( - E/RT - bOcIIl ) (Po2)Il (ml Kg-1 hrl) (6.5) 
and the constants can be obtained through the following steps (Ref. to Chapter 9): 
Step 1: assume the apparent reaction order n is equal to a value between 0.5 and 1, 
which has been used in previously published works for fresh coal oxidation processes. 
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Step 2: the apparent activation energy E has been obtained experimentally by oxidation 
experiments on coal samples, which have similar oxidation histories at different 
temperatures. 
Step 3: assume that the activation energy E does not change as the oxidation of the coal 
sample proceeds so that one can plot the Ln(Rate of Oxidation) vs oxygen absorbed to 
obtain constant band min equation (6.5). 
The process of deducing the oxidation constants from the results from the column is 
complex and time consuming. 
Only the data from fresh Ohai coal has so far been obtained and this is discussed in 
Chapter 9. 
A diagram of oxidation rate, calculated by the rate equation obtained in Chapter 9 with the 
above constants (assuming Po2 is equal to 21 % ), is provided here as follows. 
250 -OJ) 
~ . 
i.. 200 .c -= '-' 
Q,l 150 ..... 
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Figure 6.1 Oxidation Rate / Oxygen Absorption at Different Temperatures 
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6.1.4 Drying Characteristics of Coal 
As mentioned in section 6.1.1, the assumption is made that the rate of drying is assumed 
to be slow enough to allow equilibrium vapour pressure relationships to be used. Also, 
the hysterisis of drying and wetting process at the same temperature is assumed to be 
negligible. This idea had been used in a few mathematical analysis carried out 6,7. 
Although hysteresis is known to be likely to occur, no useful data was available which 
could be used as a base in this thesis. Such a relationship ( as shown in Figure 6.1) has 
been obtained from the microcalorimetry experiments on Ohai coal carried out by the 
author (Ref. to Chapter 7). 
0.8 
;>.. [:J Experimental (50 °J .... ·-"O • Experimental (75 ° ·s 0.6 
::i a Predicted (35°C) ::t 
~ 0 Predicted (50°C) .:: 0.4 .... 
~ Predicted (75°C) - • ~ 
~ 
Predicted (90°C) C 
0.2 
0.0 ~~.____,J _ ___.,_---.1,. _ __,_ _ __,_ _ _.__....1... _ _.__...1 
U.00 0.05 0.10 0.15 0.20 0.25 
Moisture Content (Kg/Kg) 
Figure 6.2 Equilibrium Relationship between Relative Humidity of 'Air' 
and Moisture Content of Coal 
An approximate equation for the relationship between the relative humidity of the gas 
stream and the moisture content of a porous solid has been described by Prof. Keey 8 and 
the coefficients for the equation on Ohai coal were derived from the experimental results 
described in section 8.1 of Chapter 8. The equation, so obtained, is : 
RH = 1 - e - ~ T (MC) n (6.6) 
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The saturated water vapour content (Kg H20 per Kg dry air at S.T.P.) is a function of 
temperature and it can be expressed as follows 9: 
Y(T) = 2.0315 x 10-10 e 0.0616 T (6.7) 
The relation between latent heat (KJ per Kg H20) and temperature can be calculated by S : 
L(T) = 3155.06 - 2.40 T (6.8) 
If the gas stream in the coal bed is not saturated with water vapour, the extra heat needed 
for drying and wetting can be calculated by using the following equation 8 (Ref. to 
Chapter 7): 
W = - RT Ln(RH) (J kmol-1) (6.9) 
6.2 Some Analytical Solutions of the Spontaneous Heating Process 
Note: As the symbols used in this section are sometimes different from those used in 
other sections in this Chapter, these symbols are listd in Table 6.2.1 
An evaluation of the above two transient models (A & B) is now carried out by 
introducing some exact solutions of the simplified one-dimensional heating process. 
As mentioned by Brooks et al 10,l l,12 , the steady state solutions may help to indicate 
how safe coal stockpiles are. Now we consider only the steady state of the energy 
balance. Temperature is steady with time at all points. Equation (6.1) can be rewritten 
as: 
k a2T /cJx2 - Cpg Pg Vg aT /cJx + H0 r0 - Hw rw = 0 (6.10) 
Two cases are discussed below: 
1. If we assume that the molecular diffusion is the only mass transport mechanism, 
substituting the rate of oxidation and the rate of drying in equation (4) (the temperature 
gradient in the coal are caused by the relative diffusion rates of oxygen and water), the 
energy balance at steady state is therefore rewritten as: 
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I II III 
where I: Conduction heat; II: Heat generated by oxidation (oxygen is transfered only by 
diffusion); ill: Heat dissipated by drying (water vapour is transported by diffusion) 
the boundary conditions used here are: 
at X = 0 T = Ti = Ta Po = Po,i = Po.a Pw = Pw,i = Pw,a 
at X = 1 
where the oxygen and water vapour concentration at Inlet boundary (x = 0 m) of the 
packed bed are the same as that of the ambient. At the outlet boundary (x = 1 m), the 
adiabatic condition is assumed and no mass density gradients exist. An assumption is 
made here that if an ignition occured, the ignition point is always within the length of a 
stockpile. 
Integrating equation ( 6.11) with respect to x and using the above boundary conditions 
gives: 
I),, T = T - Ta = (Ho Do e/k) (Po.a - Po) + (Hw Dw E/k) (Pw.a - Pw) (6.11) 
The maximum temperature occurs at a point where both the oxygen and water vapour 
concentration are zero ( p0 = Pw = 0 ); at the inlet boundary, the vapour density is the 
saturated vapour density ( Pw,a ). Using the parameters in Table 6.2.2 gives: 
/),, T max z 77 .8 °K 
Similar calculations carried out by Nordon 13 and Brooks 10 on dry char and dry coal 
give a maximum temperature rise of ~ 70 °C. The calculation here shows that the 
diffusion mechanism alone, even when the moisture transfer is involved, does not cause 
further temperature rise leading to ignition. 
However, this condition is very artificial as no account is taken of moisture loss from the 
coal and its consequent reduction in moisture content as is done in the transient model. 
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2. If convection is the mechanism of the mass transfer processes, the energy balance can 
be written as : 
I II III IV (6.12) 
where I: Conduction Heat; II: Convection Heat; ill: Heat generated by oxidation (oxygen 
is transfered only by convection); IV: Heat dissipated by drying (water vapour is 
transported by convection). Pw, ct is the weight of water vapour, Kg, per m3 of dry gas 
at S.T.P; Vg,d is the dry gas velocity as S.T.P., ms -1. 
The boundary conditions here are as follows: 
at X = 0 k aT/ax = Cpg Pg Vg (Ti - Ta) 
Po = Po,i = Po.a Pw,d = Pw,d,i = Pw,d,a 
at X = 1 
The heat loss at inlet is balanced by the energy brought in by the air stream. The other 
boundary conditions are the same as in case 1 described above. 
The gas flow used here, mol s -1, V g is assumed to be same along the length of a pile and 
is equal to the intake from ambient. Again, we assume that the ignition point is always 
within the length of a pile. 
Integrate equation (6.12) and use the boundary conditions, also note that at the point at 
which the maximum temperature occurs the first derivative of temperature against 
distance from entry, x, is zero, the maximum temperature rise is then given as follows: 
11 T max = (Ho/ Cpg Pg) (Po.a - Po) + (Hw/Cpg Pg f) (Pw,d,a - Pw,a) (°C) 
(6 .13) 
We assume that the ambient temperature is 20 °C. A few cases are discussed as follows. 
If we consider that Pw,a is the saturated vapour density in gas stream which was assumed 
by Stott & Murtagh 1 in 1967 and then Schmal et al 2 in 1985, p0 is zero, using the data 
from Table 6.2.2, we have the maximum temperature of ~90 °C. The 'equilibrium 
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temperatures' calculated previously by numerical methods 1-2 were ~95 °C and ~80 °C 
respectively. 
In a practical situation, the temperature rise is controlled by both the reduction of the 
oxygen concentration and the reduction of the relative humidity (Pw,a / Pw,a, s, where 
Pw,a, s is the saturated vapour density) of gas stream. These facts will be taken into 
account by the numerical calculations described in the next sections. 
From equation ( 6.13 ), at the initial stage of a heating, we may assume that the situation 
in the coal bed may be very close to the saturation condition so that vapour concentration 
can be considered as a function of temperature (Model A), then the maximum 
temperature rise is a function of the local oxygen concentration, p0 , and this temperature 
can rise up to 90 °C, where p0 is zero as shown in Figure 6.3 (a). At the point where the 
oxygen concentration is zero, if the coal is so dry that the coal moisture content can no 
longer supply enough water vapour to maintain the saturation of the gas stream, as the 
vapour density decreases, (i.e. the relative humidity decreases (Model B)), the 
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Figure 6.3 Calculated Maximum Temperature Rise 
If the length of a coal bed is limited, the oxidation rate of coal may not be high enough to 
enable the coal to consume all the oxygen in the gas stream within the length. The 
maximum temperature calculated under the ' saturation assumption ' is then less than 
90°C. This suggests that the assumption of saturation will not lead to any temperature 
which is bigger than 90 °C and this fact is independent of the numerical methods used 
previously. 
Under the saturation assumption (Model A), however, the maximum temperature 
calculated may be used as an indicator that the most of the free moisture of coal will be 
driven off at this temperature. Any temperature beyond this is definitely undesirable. 
This assumption is not valid for predicting the time needed to an ignition but may be 
useful in further development of the dry coal models proposed by Brooks et al 10 - 12. 
Now it is very clear that the Model Bis a more realistic model than Model A in every 
way to describe the spontaneous heating of coal. 
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Table 6.2.1 Notation for the Analytical Solutions 
Cps specific heat capacity of coal KJ Kg-I OK-I 
Cpg specific heat capacity of gas KJ Kg-I OK-I 
Do oxygen diffusion coefficient m2 s-I 
Dw vapour diffusion coefficient m2 s-I 
f ratio of the dry gas volume at O °C 1 
and wet gas volume at 293 °K 
Ho heat of reaction KJ mo1-I 02 
Hw heat of water vaporization KJ Kg-1 
ro oxidation rate mol m-3 s-I 
rw drying rate Kg m-3 s-1 
RH relative humidity of 'air' 1 
T temperature °K 
Ti temperature at air inlet °K 
Ta ambient temperature °K 
Vg gas velocity m s-1 
Vg,d dry gas velocity ms-I 
X distance from air inlet m 
Pg density of gas Kgm-3 
Po oxygen concentration mol m-3 
Po,i oxygen concentration at air inlet molm-3 
Po.a ambient oxygen concentration mol m-3 
Pw vapour density Kgm-3 
Pw,i vapour density at air inlet Kgm-3 
Pw,a ambient vapour density Kgm-3 
E porosity 1 
L1 T temperature rise °K 
L1 T max maximum temperature rise °K 
Table 6.2.2 Physical Parameters used in the Analytical Solutions 
Specific heat capacity of gas 
Density of gas 
Density of oxygen in gas stream 
at x = 0 m 




1.0 KJ Kg-I °K-1 
1.1 Kg m-3 
8.48 mol m-3 
Density of water vapour in dry Pw,d,a 0.0191 Kg m-3 
gas stream at x = 0 m 
Heat of water vaporization Hw 2334 KJ Kg-1 
Heat of reaction Ho 3 KJ mol-1 02 
Porosity of the coal bed £ 0.3 
Ambient temperature Ta 293°K 
Thermal conductivity of k 0.2 W m-1 °K-1 
coal particles 
Diffusion coefficient of oxygen Do 0.2 x 10 -4 m2 s-1 
in gas stream 
Diffusion coefficient of water Dw 0.25 x 10 -4 m2 s-1 
vapour in gas stream 
Ratio of the dry gas volume at O °C f 0.909 
and wet gas volume at 293 °K 
6.3 Program Development 
The numerical method has been used as a very powerful mean to solve partial differential 
equations, particularly non-linear equations. Because of the involvement of the reaction 
term in the energy equation mentioned in last section, the equation is impossible to be 
solved analytically unless many approximations are to be made which will affect make the 
results of limited practical use. 
To gain an accurate solution of the following differential equations : 
1. Energy conservation ( Equation 6.1 ) 
2. Oxygen Conservation ( Equation 6.2 ) 
3. Moisture Conservation ( Equation 6.3 ) 
the Finite Difference Method ( FDM) has ·been adopted 14, 15, 16_ Assume that the length 
of the one dimensional coal bed is now divided into NI elements (sections), where the 
total number of sections, NI, will influence the accuracy of the numerical approach. This 
aspect will be further tested by comparing results computed with two different values of 
NI, e.g. one NI is equal to 15 and another one is equal to 30, in section 6.5. The more 
sections there are, the closer the simulation approaches the real situation. However, the 
time needed for solutions increases rapidly with the number of sections used. 
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In the simulations carried out to compare the experimental data obtained from the 2 m 
column, NI is chosen to be 15, which is similar to the situation in the laboratory where 
15 separated heater elements are fixed along the column to keep the 'one dimensional' 
case. (Refer to Chapter 4 ). The nodal points for storing the different physical values, 
i.e. temperature, oxygen partial pressure, relative & saturated humidity and time, are 
shown in the following figure. This means that the computing domain is bonded by three 
boundaries: 
(1) when x = 0.0 m 
(2) when x = L m 
(3) when t = 0 
whilst the upper face shifts as the time elapses. 
Time, t = t + .6.t (s) 
n 1::,. t 
• 
3 1::,. t 
2 1::,. t 
!::,. t 
X = 0 
I = 1 
Coal Packed Bed 
X = X = X = 
!::.X 2!::.X 3!::.X 
I = I = I = 
2 3 4 • 
Distance from Air Entry ( m) 
Figure 6.4 Computational Domain used in Present Study 
x=(Nl-l)L'IX 
I = NI + 1 
(where x is the distance from air entry; tis the time from start; I is the number of a section 
whilst NI is the total number of the sections) 
Especially for showing where the physical values are, e.g. oxygen concentrations, a 
diagram is presented as follows, where the temperature, T(I), is read at the same point as 
the Relative Humidity of 'Air', RH(I) : 




,_ ___ Oab(I) 
One Section 




Figure 6.5 Storing Different Physical Values 
(where HC(I) represents the coal moisture content,%; Oab(I) represents the oxygen 
absorbed, ml hr 1 Kg-1) 
6.3.1 Energy Balance 
As described in Section 6.1, the energy balance (equation (6.1)) is expressed as follows: 
Cps Ps dT/ot = k o2T/ax2 - Cpg Pg Vg dT/ox + H0 r 0 - Hw rw (W m-3) 
See section 6.1 for an explanation of the equations. 
For the rate of local accumulation of heat, Cps Ps dT Jot, at point i, the finite difference 
approach is : 
The superscript, k, is used to denote the time difference of temperature, T, and the time 
derivative is expressed in terms of the difference in temperatures associated with the new 
(k) and previous (k-1) times. Therefore, the time elapsed from start is expressed as : 
t = k ~t, k = 0, 1, 2,3, ........ . ( 6.15 ) 
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At the right hand side of the energy balance, the finite difference solutions of the 
convection term and conduction term at the interior node i are then obtained by the semi-
implicit method, which means that the time average values are used : 
The finite difference formulation of the terms of oxidation and drying will later be 
described in the next two sections. 
6.3.2 Oxygen Mass Balance 
The oxygen balance is expressed by equation (6.2), 
(Kg m-3 s- 1) 
This equation can also be expressed as follows: 
(6.16) 
where the subscript, 'ct', represents the physical values without any moisture involved. 
The 'dry' concentration of oxygen, r0 ,ct, is equal to the 'dry' density of air multiplied by 
the partial pressure of oxygen, PQ2, in air. Then equation (6.16) is rewritten as: 
(6.17) 
The oxidation rate of coal can be expressed by: 
dOc/dt = 10-6/3600 a exp(-E/RT) / (l.+boc)m (Po2)n (m3 Kg-1 s - 1) 
The volume of oxygen is specified at S.T.P. condition. Therefore, the rate of oxygen 
consumption, r0 , m3 Kg- 1 s-1, can be obtained as follows: 
ro = (Po, ct Ps) dOc/dt (Kg m3 s-1) (6 . 18) 
where is the bulk density of coal, Ps, in packed bed, Kg m-3. 
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The terms of the convection and diffusion mass transfer in equation ( 6.17) can be 
approximated as: 
Vg,ct Pg.ct d Po2/dX = Vg,ct Pg.ct [ (Po2. i+l k + Po2. i+l k-l)/ 2 -
(Po2. i-1 k + Po2. i-1 k-l )/2] / !xx 
Do£ Pg.ct <12 PQ2/dX2 =Do£ Pg.ct [ (PO2, i+l k + PO2, i+l k-l)/2 -
(Po2, i k + Po2, i k-l) + (Po2, i-1 k + Po2, i-1 k-l)/2 ]/ ille2 
Substituting the above two equations together with equation (6.18) to equation (6.17), 
the following equation can be written, which one can use to obtain new Po2 by using the 
value of partial pressure of oxygen obtained at previous time increment as well as the 
neighboring values: 
Po2, i k =f (Po2, i+l k, Po2. i+l k-l, Po2. i k- l, Po2, i-1 k, Po2, i-1 k-l) 
The heat of oxidation, Ho, J m1-1 at S.T.P.(Ref. to Chapter 7), can also be expressed by: 
H 0 = 12 x 106 Po, ct -l (J Kg- 1 02 S.T.P. ) 
The rate of heat generated by oxidation, Haro, is now obtained as: 
Haro= 12/3600 Ps a e:xp(-E/Rf)/(l.+bOc)ID(Po2)n (W m-3) 
where the exact form of the rate equation is discussed in details in Chapter 9. The values 
of the pre-exponential factor, a(T), the activation energy, E(T), and the aging factor, b(T) 
are all defined as the functions of temperature, T. The temperature used here at point i is 
the time mean values. 
This gives ( Refer to section 6.3.2): 
H 0 r 0 = 12/3600 Ps a ( T1k-0.5) exp[ - E (T1k-0.5 )/ (R Tik-0.5) -
b(Tik-0.5) Oc ] (Po2/ 0.21)0.5 
6.3.3 Moisture Mass Balance 
The moisture balance is expressed by equation (6.3), 
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(Kg m-3 s- 1) 
where Pw is equal to the saturated vapour concentration in 'air', C(T)(Kg m-3 S.T.P.), 
multiplied by relative humidity of 'air', RH. Pw,d is the weight of water vapour in one 
m3 of dry gas at S.T.P. (Kg m-3), which can be obtained by multiplying the saturated 
vapour density in dry gas at S.T.P., S(T)(Kg m-3) to the Relative Humidity, RH; V g,d is 
the linear velocity of dry gas at S.T.P.(m s -1). This equation can also be written as: 
rw = Dw E a2 [ RH C(T) ]lax2 - Vg,d a[ RH S(T) ]lax (Kg m-3 s- 1) (6.19) 
The terms of the convection and diffusion mass transfer in equation (6.19) can be 
approximated as: 
Vg,d a[ RH S(T) ]lax"" Vg,d { [RH S(T)] i+l k + [RH S(T)] i+l k-l -
[RH S(T)] 1-1 k + [RH S(T)] 1-1 k-l } /(2ruc) 
Dw E a2 [ RH C(T) ]lax2 ""Dw E { [RH S(T)] i+l k + [RH S(T)] i+l k-l -
2 [RH S(T)] 1 k - 2 [RH S(T)] 1 k-1) + 
[RH S(T)] i-1 k +[RH S(T)] i-1 k-I }/( 2ruc2 ) 
where [RH S(T)] i is approximated by: 
[RH S(T)] 1 "" [RH i k-0.5 S(T 1 k-0.5)] 
The following equation can be written, which one can use to obtain new RH by using the 
value of relative humidities of 'air' obtained at the previous time increment as well as the 
neighboring values: 
The rate of heat absorbed by oxidation, Hwrw, is now obtained as: 
Hwrw = Hw Dw E a2 [ RH C(T) ]lax2 - Vg,d c)[ RH S(T) ]lax (W m-3) 
6.3.4 Computing Procedures 
The computing flow chart is shown in Figure 6.5. The details of the programs, i.e. 
symbols used, functional blocks and calculation sequences, are presented in the program 
list apprenticed at the end of this thesis. 
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Input Geometric Data 
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Figure 6.6 Flow Chart for the Computer Program 
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6.4 Preliminary Computations 
The finite difference formulae which were used in the current program have been 
discussed in the above section. The time & distance mean values of temperature, 
humidity and oxygen concentration were used in all iterations of computing. This 
method is generally known as 'Semi~implicit' method described previously 16. 
The program (SHOC) (Ref. to Appendix II) was re-written by the author of this thesis. 
In this program, the physical values at each point were iterated until the discrepancy 
between the heat balance after and before one iteration at the same time became less than 
0.01 J which was equivalent to a temperature difference of 0.00001 °C. 
No attempt has been made to to improve the computing time for one run. However, 
effort was channeled to stabilizing the solution procedure and obtaining accurate results. 
The under-relaxation method for achieving convergence was used. An important 
advantage of this program is that it chooses its own time increments, on the basis of the 
converging rates at which the dependent variables change during the same-time iterations. 
This leads to obtaining stable and accurate solutions of the heating processes. 
The calculation procedure has already be described in the last section. Despite the 
computing times which could be hours in the departmental VAX system under certain 
circumstances, SHOC has been found, for most of our proposed calculations, to be very 
reliable. 
The interesting point was that besides the physical importance of the thermal diffusion 
and mass diffusion, these terms were found to be very helpful in minimising the ' waving 
' profiles ( cyclic variations in temperature which were obtained by Quan ) therefore 
stabilizing the computations. 
First of all, in SHOC, similar conditions as used by Quan were adapted to reproduce his 
results. As was done by Quan, the 20 sections were divided along the air path length of 4 
m. At the inlet, the temperature was 20 °C and at the outlet (4 metres away from the air 
entry), the adiabatic condition was assumed. The air intake was assumed to be saturated 
with water vapour therefore the relative humidity of the air was 100 %. The initial 
moisture content of the coal was assumed to be 18 %, on dry basis (This was not 
indicated in Quan's thesis). The temperature profile is shown in Figure 6.7. The profiles 
of moisture content, oxygen absorbed and oxygen mole fraction are shown in Figure 6.8 
- 6.10. The results obtained by Quan and the the author are indistinguishable from each 
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6.5 Computer Simulation of The Spontaneous Heating Process 
in the 2 - Metre Long Column 
6.5.1 The Boundary Conditions For Heat Transfer 
This section is necessary because some structural details of the column make the 'one-
dimensional' case slightly different from what it would be in practical situations. The 
constant inlet temperature (room temperature) assumption, proposed by Quan and 
Murtagh, does not reflect the true inlet boundary condition of heat transfer of the column. 
This has been confirmed by all the experiments carried out using the 2-metre long 
column. It has been found that the temperature at the surface of the steel plate increases as 
the temperature inside the column exceeds the 35 °C. The blank test, using rubber 
powder instead of coal allowed the heat transfer coefficient across the steel plate at the 
bottom to ambient to be calculated (Ref. to Chapter 4). 
It has also been noticed that the temperature at #1 section inside the coal bed was always 
lower than that of the outer surface of the steel shell. This means that the shell of #1 
section (and the coal in the #1 section) gain heat from the #2 section by conduction within 
the steel shell. Because the original design ensures that the temperature at the #2 outside 
thermocouple must be kept equal to the temperature at the #2 inside thermocouple, the #2 
heater supplies enough heat to maintain such equilibrium. Thus, a certain amount of the 
heat supplied by #2 heater is transferred into the coal in #1 section and along the steel 
shell. This heat is eventually lost to ambient by both radiation and convection. 
Table 6.5.1 Data used in Thermal Analysis of the Column Apparatus 
The thermal conductivity of rubber powder 
The thermal conductivity of the carpet 
The thermal conductivity of Kaowool layer 
Temperature reading of #2 outside thermocouple 
Temperature reading of #2 inside thermocouple 
Temperature reading of #1 outside thermocouple 
Temperature reading of #1 inside thermocouple 
The mean temperature at the bottom plate 
The ambient temperature 
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0.04 Wm-1 °K-1 
0.15Wm-1 °K -1 
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Figure 6.11 Heat Flows through the Bottom Section 
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Note : The gap along A has been drawn to allow the heat flows to be shown. In the 
apparatus, this gap is the 20 gauge stainless steel shell. 
Ot : total heat flow downwards in the steel shell (shown as an ' empty gap ' so 
that the heat flows can easily be . distinguished) supplied by #2 heater; 
Oa : part of the total heat (Qt) lost through the Kaowool insulation layer to 
surroundings; 
Os : part of the total heat transfered through rubber bed and across the bottom plate; 
Oct : part of the total heat conducted along the steel shell downwards; 
Ocr : heat flow, from the rubber bed and across the base of the column, lost to ambient. 
As shown in Figure 6.11, the heat generated by #2 heater, Qt, is balanced by the four 
heat losses which are : 
1. Heat loss through the extemal(Kaowool) insulation layer to ambient ( Qa) 
2. Heat loss through carpet into the coal bed ( Qs ) 
3. Heat loss through the stainless steel shell by conduction down to the bottom plate 
(Qc0 
The last two heats, Qs & Qct, will be transfered to ambient by free convection and 
radiation. 
This boundary condition is more complex than what was considered when the blank test 
was carried out (Ref. to Chapter 4). An extended calculation is given here to further 
calculate the heat transfer coefficient from the bottom using the data from the tests on 
rubber. The conditions of the blank test are summarised in Table 6.5.1. 
Assuming the average temperature of section #1 outside thermocouple is 37.6 °C and the 
temperature at the outer surface of the #1 section is 26.4 °C, the heat loss through the 
Kaowool layer with thickness of about 2 cm can be estimated as: 
Qa = 0.051 X 0.1365 X (2 7C X 0.165) X (37.6 - 26.4)/0.02 
= 4.04 (W) 
( The thermal conductivity of Kaowool layer has been obtained by Stott, using a newly 
developed thin-heater apparatus. ) 
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Assuming no temperature drop through the rubber, the heat loss through carpet into the 
coal bed, Q5, can be estimated as follow: 
Qs = 0.16 X 0.1365 X (2 7t X 0.15) X (37.6 - 36.9)/0.015 
= 0.96 (W) 
The heat conducted to the bottom by the steel shell is: 
Qct = 20 X (0.91 X 10 -3) X (2 7t X 0.15) X (37.6 - 34.0)/0.07 
= 0.88 (W) 
The average temperature at the level of #1 thermocouples is 37 .25 °C. The heat that is 
conducted from the rubber bed to the bottom plate is: 
Qcr = 0.04 x (7t x 0.15 2) x (37.25 - 34.0)/0.07 
= 0.13 (W) 
Thus, the total heat loss from the bottom section to ambient, Qt, can be calculated as 
follows: 
Qt = 0.13 + 0.88 + 0.96 + 4.04 = 6.01 (W) 
The apparent heat transfer coefficient, h (from the base of the column to the outside air), 
is then as follows: 
h = 6.01 / (7t x 0.15 2) / (34.0 - 22.0) = 7 .09 (Wm -2 oK -1) 
From previously well-established correlations, for the lower surface of the hot plate (the 
steel plate at the bottom of the column), the convection coefficient, he, due to the free 
convection can be obtained as follows 17: 
Ra L = 9.8 X 3.32 X lQ-3 X (34.0-22.0) X 0.075 3 ) = 4.73851 X 10 5 
1.5689 X lQ-5 X 2.2156 X lQ-5 
Since Ra Lis greater than 10 5, the Nu L is: 
Nu L = 0.27 x Ra L 1/4 = 0.27 x (4.73851 x 10 5) 1/4 
= 7.084 
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Therefore: he= Nu L x k /L = 7.084 x 0.02624 / 0.075 = 2.48 (W/m2 °K). 
The equivalent heat transfer coefficient, hr, due to thermal radiation from the bottom plate 
to ambient was also worked out to be 5.57 W/m2 °K while the emissivity is assumed to 
be 0.9. The calculation is shown as follows: 
hr = 4.0 X 5.67 X 10 - 8 X 0.9 X [ (34.0 + 22.0)/2.0 + 273.0 ] 3 
= 5.57 (W m - 2 °K - 1) 
Therefore the overall heat transfer coefficient at the bottom is (2.48 + 5.57 Wm -2 °K -1) 
and in good agreement to the figure of 7.09 Wm -2 °K -1 as obtained experimentally. 
The convective heat transfer coefficient, he is given by (7 .09 - 5.57) which is equal to 
1.52 Wm -2 °K -1. 
Now we could consider the problem of this boundary condition as follows: 
1. There is a by-pass heat flow, Qt, which is the major amount of heat to be lost to the 
ambient, coming from the shell of the #2 section. 
2. The main heat flow to the baseplate ( bottom plate ), Qer, from the self- heating 
process, will be lost mostly by thermal radiation to the surroundings. 
( About 80 % of heat loss due to thermal radiation. ) 
During coal tests, air streams are introduced into the column as shown in Figure 4.2. The 
air is led by the central tube to the column and causes cooling equal to ( Cpg pg) G (T1 
- T al, where Cpg is the specific heat capacity of air; rg is the density of the air and G is 
the flow rate of the air stream. 
As the computer calculation on self-heating process of coal starts at the bottom coal 
surface, the boundary condition for coal heating in the column can be expressed by : 
kof/aXA= heAr(T1-Ta) + CpgpgG(T1-Ta) (W) (6.20) 
where: k is the thermal conductivity of the material filling the inside of the column, W m-2 
°K-1; her is the equivalent combined heat transfer coefficient, W m-1 °K-1; A is the total 
area of the bottom plate, m2; Ar is the area of the bottom plate, which does not include the 
entry tube, m2 and G is the volumetric flow rate of 'air', m3 s-1. 
·, 
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However, in the blank test, as there was no air flow involved, the equivalent 
boundary condition for the main pass of the heating process is therefore expressed as 
follows: 
k dT/oX A=he A ( Ti - Ta )=ferTav3 A (Ti - Ta)+hec A ( Ti - Ta )=Qcr (W) 
where Tave is the mean heat flow of both plate and the ambient, 0.5 x (Ti - Ta); f is a 
constant and it can be derived as follows: 
fer = 80% X Qcr/[ Tave 3 A (T1 - Ta)] 
= 80% x 0.13 / [ 301.0 3 x 0.070686 x 12.0 ] 
= 80% X 0.13 X 4.32301 X 10 -8 
= 4.50 xl0 -9 ( W m-2 °K-4) 
hec = 20% x Qcr / [ A(T1 -Ta)] 
= 20% X 0.13/ [ 0.070686 X 12.0 ] 
= 3.06 X 10-2 (Wm-2oK-l) 
6.5.2 Interruption of Heating Process by Water Drainage 
It had been noted by Stott et all in 1987, that the water driven off from the coal near the 
entry point of the air and then condensed on the colder coal further up the column would 
be able to drain down the column, under the influence of gravity and thus recirculate heat 
in a way not allowed for by the previous program by Quan. 
This problem is a complicated one to deal with quantitatively. At the very least, we have 
the following unsolved problems: 
1. How much water the coal particles at the top region of the column can hold up in the 
form of II water bridges II in between particles and the capillaries. 
2. The coal bed cannot be perfectly uniform in the same cross section therefore, the 
water which will drain down would find the easiest path. This problem is not a one-
dimensional problem. 
3. How much moisture can the dried coal at the bottom re-absorb 
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However, in the central region of a coal stockpile, the chimney effect that takes place is 
similar to that of the 2 m column. Therefore, the drainage of this water would play a 
considerable role in heating development. 
From many of our experiments, up to 300ml of water has been collected from the bottom 
of the column, confirming the mechanism mentioned in the first paragraph of this section. 
Water usually appears when the maximum temperature of the coal bed reaches 80 °C to 
90 °C. This indicates that when the moisture content at the top reaches the point where it 
can no longer be held up by the coal particles, then it will flow downwards. 
One way we can use our simulation to confirm this mechanism is that after the predicted 
maximum temperature reaches ~ 80 °C, we may impose a situation where at the inlet of 
the coal bed, saturated moist air is always available. 
Also we could estimate the flow of heat recirculated by estimating the water flow and 
considering its various effects i.e. its sensible heat, heat of absorption in the coal, its 
evaporation by the incoming air stream. This subject is not further considered here. 
6.5.3 The Heats of Drying & Wetting and the Heat of Oxidation 
The variation of heat of oxidation, as reported by different sources on a worldwide 
variety of coals is small. The most often suggested value is from 10 Joule per ml 02 
consumed to 15 Joule per ml 0 2 consumed ( Ref. to Chapter 2 ). The heat of drying 
differs from 2000 kJ per kg of water removed when the coal has its natural moisture up 
to 5000 kJ per kg of water removed when the coal is dried. The heat of wetting, agrees 
well with an equation derived using thermodynamics and this will be discussed in more 
detail in Chapter 7. 
In the present experiments described in this thesis, Ohai coal gave higher values ( Ref. 
to the first section of Chapter 8 ) than those in other people's measurements at less than a 
moisture content of 5% on dry basis. This high value is ~ 10000 kJ per kg of water 
removed. The previous calculations by Murtagh 9 and Quan 3, in which the maximum 
heat of drying was ~ 4000 KJ Kg· 1, have shown that when the maximum temperature 
gets over 100 °C, the lowest moisture content of the coal at that location is around~ 7%. 
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Note the relationship between heat of drying and vapour pressure. A high heat of drying 
implies that the vapour pressure would be low and the moisture is difficult to remove and 
this might effectively help heating. 
One may take the above problems into account as is done in the present program by 
artificially fixing the maximum temperature of coal to be 100°C all the time unless its 
moisture content goes down to some 3% less than which the moisture is generally 
believed to be the chemically bounded moisture and this moisture will not prevent coal 
from going over 100 °C to ~ 120 °C. 
6.5.4 Comparison between the . Predicted Results and the 
Experimental Data 
A major difference between the computed results of Quan and the experimental results 
from the 2m column was found that, whereas the computed results predicts a maximum 
temperature rise of over 100°C, about 1.5m from the air entry point, in the experiment 
,this maximum temperature occurs about 0.5m from the air entry l8. The present 
program, after introducing the correct boundary conditions described in section 6.51, the 
effect of particle size on oxidation rate (Ref. Chapter 9 .) and the equilibrium relationship 
between the Relative Humidity and Moisture Content measured by the author (Ref. to 
Chapter 8), gives good agreement on both the shape of the temperature-distance profiles, 
oxygen partial pressure profiles and time needed to reach the maximum temperature with 
the column test results of Ohai fresh coal (A) as shown in Figure 6.12 - 6.16. 
The higher temperature measured near the entry region as shown in Figure 6.11 arise 
because temperatures were measured at the outer steel shell of the column which can be 
much hotter than the coal inside the column as described in section 6.5.1 and the water 
drainage which brought more heat from top to bottom of the column. The coal in section 
#1 may have also gained a certain amount of heat from the shell ( Ref. to section 6.5.1). 
The true final temperature would be closer to the predicted profile than indicated by 
Figure 6.11. It should be noted here that the amount of water collected in Ohai coal (A) 
test was much less than that collected by either Harris in his experiment on Ohai coal or 
the author in his experiment on Ohai coal (B) (Ref. to Table 5.3.2 in Chapter 5). 
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G 
0 ._, 
Regarding the effect of water drainage mentioned above, the following three points which 
apparently do not support the idea that the water drainage would have large impact on the 
thermal balance are provided here to further analyse the problem: 
1. Due to the length of the air path in the column along which the condensed vapour 
would drain to the bottom, by the time that this water reaches to the bottom, its 
temperature could have become very similar to the temperature of coal in the bottom 
section (due to the heat transfer between the water flow and coal particles). 
2. If the water drainage is as the following process: The moisture condensed at the top, 
when it is draining down, would either fully or partially rewet the region where has been 
previously dried. This process will definitely affect the time needed to reach a 
temperature of just over 100 °C but the degree of such influence is uncertain. The 
moisture absorbed by the previously dried region will be the so-called ' loosely bounded 
' moisture. Therefore the heat of drying of this part of moisture will be the same as the 
normal latent heat and this moisture can be removed easily. 
3. The evaporation process of the drained water at the bottom would absorb heat to bring 
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The computer program held the temperature near 100 °C until 70 % of the total water at 
the relevant section, was evaporated. This was done to avoid instability in the 
calculation. Unlike Quan's simulation, the relative humidity of 'air' at inlet is not 
permanently equal to 1 as the temperature of coal at the inlet changes during the heating 
processes. 
The effect of the total number divided, NI, was observed by using different values, e.g. a 
NI of 30, which doubled the total number as used above. Good agreement was achieved 
between both cases except the variation was found at the final temperature profile. This 
is shown in Figure 6.17. 
6.6 Conclusion 
The basic differential equations proposed to explain the mechanism of spontaneous 
heating by Stott and had been described and solved by his former students, Murtagh 1 
and Quan 3 has been further confirmed by the comparison between the predictions by a 
program developed by the author, which allow more accurate parameters that obtained 
experimentally in this project to be used, and the 2 - m long column tests carried out 
during the last three years. Therefore, the conclusions resulted from Quan's calculations 
can be regarded to be generally correct. 
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CHAPTER 7. THE EFFECT OF MOISTURE 
ON THERMAL BALANCE 
7.1 Introduction 
Coal moisture content plays a key role in understanding spontaneous heating. It is not 
easy to solve the problems caused by moisture quantitatively. In a coal mass, dry solid 
absorbs moisture from relatively moist surroundings and loses moisture to a dry 
surrounding if it is wet. Accompanying the drying and wetting processes, heats will be 
released or absorbed accordingly. Stottl studied the heats of drying of New Zealand 
coal, namely Ohai fine coal, by using a microcalorimeter in 1959. He carried out three 
experiments at 20 °C and another at 40 °C. His graph of heat of drying against moisture 
loss, indicates that there are at least two types of moisture in coal as is now widely 
recognised. These findings have also recently been confirmed by Unsworth et al 2 
(1988). These two types of moisture have been recognised as bond water and loosely 
bound or free moisture the amount of heat needed to drive off these two moistures is 
different. The critical point between free water and bond water are usually around 10% 
moisture content for a sub-bituminous coal according to previous investigations, that is 
about 50% of its saturated moisture content 1, 2. It is interesting that this point seems to 
be a common phenomena of many porous materials. 
Berkowitz et al 3 studied the large heat release which occurs when the water is being 
injected onto dry coal. This fact has been recognised as playing an important role in the 
developing of a heating process when moist gases approach relatively dry coal. Under 
some circumstances, the heat of drying has been found to be much larger than the heat 
released by oxidation 1, 4, 5. 
At this point, a knowledge of mass transfer processes in a finite mass of coal have to be 
introduced. This is the reasoning which led to the building of a 2-m long column to 
allow the expected moisture transfer to occur and lead to a heating process beyond 100 °C 
when an air flow of 1 cm/min is induced into a finely packed coal bed. 
In addition to the above factors, the moisture in coal has been shown to affect the coal 
oxidation rate. ( Refer to section 6.2 in Chapter 8 ) This factor, the author believes is very 
important in explaining the more dangerous situation in moist surrounding air. 
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The results obtained by using such a large calorimeter ( 2-m column system ) apparently 
closely duplicated the practical phenomenon observed. However a better understanding 
of the behaviours of the column tests requires further information concerning the quantity 
of the heats mentioned above. Also, first hand knowledge obtained by the author should 
be very important in completing those theories proposed previously 6. 
Before detailing those problems concerning the effect of moisture on the oxidation rate of 
coal, the physical shuation of moisture in coal and a coal bed is described in the next two 
sections. 
7.2 Equilibrium Isotherm Relationship between Moisture in Coal 
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The idea of using equilibrium isotherm curves to calculate the rate of moisture loss during 
the spontaneous heating of coal was introduced by Stott, Murtagh and Quan 6, 7. 
Although a number of computer simulations have been canied out on moisture transfer 
problems in porous solid packed spaces, there has been no other similar work done on 
moisture transfer in a coal mass. 
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For a better understanding of the idea of Stott et al, the equilibrium isothermal 
relationship between a surrounding gas and a porous material, i.e. coal, is described as 
follows. 
The general shape of such an isotherm of coal is believed to be similar to other porous 
materials, as shown in Figure 7 .1. When a wet solid is exposed to an atmosphere of 
fixed relative humidity, it will lose moisture until equilibrium is reached. Reducing the 
relative humidity of the surroundings will then cause the solid to lose more moisture to 
reach another equilibrium state. Similarly, a dry solid can absorb moisture from the air to 
reach a new equilibrium state. 
The drying process is not a reversible process, there is a hysteresis. The drying isotherm 
always gives the larger equilibrium moisture content at a given relative humidity. Several 
explanations exist. One is that 8, the hygrothermal equilibrium sets in very slowly and 
the true equilibrium is a state between the observed equilibria. However, another idea 8 
is that the processes of moisture being driven off and being absorbed are not reversible 
due to changes in the interstices of the material skeleton. The first explanation can only 
be completely true if the porous solid exhibits no change of structure during either the 
drying or wetting processes. 
It is usually observed that at a constant moisture content, as temperature increases the 
relative humidity increases 9. At the same temperature, however, the relative humidity 
decreases when the moisture content decreases. 
These relationships are very important in spontaneous heating as also is formulating them 
in mathematical expressions. 
If the temperature is to rise from room temperature to over 100 °C during the spontaneous 
heating process, in some region of the coal mass, its moisture content must be reduced to 
zero. During this process, the effect of the reduction of moisture content on relative 
humidity overshadows the increase of relative humidity due to temperature rise. This 
view point can be shown in Figure 7 .2. 
If the moisture transport process in a coal mass can be considered to be a near equilibrium 
process, the relative humidity of air in the coal bed can be expressed as a function of 
temperature and moisture content of coal: 
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Figure 7.2 Temperature & Relative Humidity / Moisture Loss 
RH = f ( T, MC) (7 .1) 
where MC is the coal moisture content on dry basis, (Kg Kg-1) and the weight (Kg) of 
water vapour per m3 of dry gas can be written as: 
p = RH Ps = f (T, MC) g(T) = F(T, MC) (Kg m-3) (7.2) 
where rs is the weight (Kg) of saturated water vapour per m3 of dry gas and is a function 
of temperature, g(T). p is a function of both temperature and equilibrium moisture 
content ( F(T, MC) ). 
Therefore, the water loss from coal particles can be calculated by the following equation: 
Pc aMC/at = Vg,d aF/aX (7.3) 
where V g,d is the linear velocity of dry flux of gas (m sec-1 ); Pc is the bulk density of dry 
coal. (Equation (7 .3) does not include the moisture transfer due to diffusion. ) 
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The form of equation (7 .1) has been studied by analysing the free energy of moisture 
molecules and surface tension of liquid-vapour interfaces within or outside the solid 
particle surfaces IO_ 
An alternative approach to the problem through thermodynamic theory shows that: 
-ln(l-RH) = Cs RT/ ~Q (7.4) 
in which Cs is the concentration of adsorbed moisture over a unit wetted surface (Kg m-2) 
and ~Q is the surface-energy change accompanying adsorption. Both Cs and ~Q are 
unknown functions of the equilibrium moisture content and temperature. Equation (7.4) 
can be simplified to the following form: 
-In( 1-RH) = _f3 T (MC)n (7.5) 
but the coefficients B and n have to be evaluated from experimental data on the 
equilibrium relationship for the material. 
There is no evidence that the two coefficients are independent constants for a given 
porous material. For demonstrating the relationship between relative humidity and 
moisture content, equation (7 .5) follows well the behaviour of many hygroscopic 
materials IO. 
However Equation (7.5) may act as a good guide in formulating the practical model 
equation for coal. We may assume that the function Fin equation (7.2) can be regarded 
as a multiplication of a function of temperature, Y(T), and a function of moisture content, 
Z(MC). 
-ln(l-RH) = Y(T) Z(MC) (7.6) 
This has been confirmed by the author using the relation (7.6) to fit the equilibrium data 
published previously for a sub-bituminous coal (Ref. to Chapter 8) 
7.3 Heats of Drying and Wetting 
A simple comparison between heats of drying and heats of coal oxidation does not 
produce an energy balance which will lead to a temperature rise. Simply the heat of 
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oxidation cannot in one region of coal containing no temperature gradients, itself defeat 
the heat of drying which is the major source of cooling. At temperatures around 20-40 
~C, studies have shown that the heat needed to drive off the moisture is always larger than 
the heat released when coal particles are exposed to the air. In the past, extensive 
microcalorimetry work has been carried out to confirm the above facts 1, 4, 5. 
Following the concept that moisture transfer promotes the heating process to above 
100°C, the 2m long column system described in previous chapters had been designed by 
Dr. Stott. A length of 2 metre allow the moisture to be removed from one place and 
condense at another. The high humidity in the surrounding air limits the amount of heat 
of drying. As such, the .oxidation heat is accumulated. The heat accumulated this way 
may raise the temperature to such a stage that the oxidation rate is substantially increased. 
If this takes place in coal which has previously been dried in the earlier stages of the 
heating, the rate (and thus the heat) of drying no longer hold the temperature. Thus the 
temperature rises further. 
On the other hand as the temperature rises, the heat dissipation to the surroundings 
increases. A balance may be struck between the rate at which heat is produced and the 
rate at which it is being carried away, mainly by the evaporated moisture. When this 
balance occurs, there may be no further rise in temperature for quite a long period. (this 
balance maintains the temperature at less than 100 °C) After that, if the oxidation rate 
decreases as the oxidation extent increases the temperature may fall and ignition may not 
take place. 
However the heat of wetting, released when coal absorbs moisture, does help a 
temperature rise of the coal 3, 11 , 12. It may be assumed this heat could raise the 
temperature to allow oxidation to occur more rapidly and thus defeat the cooling effect of 
drying in some other coal region. Thus along an air path, moisture being removed from 
near the entrance to the coal bed will later condenses further downstream and build up a 
higher temperature zone there. The temperature gradient between the air entry and the 
hotter zone increases and the drying rate is increased near the entry region according to 
the theory proposed in section 7 .2. The temperature of this part of coal will later rise to 
above 100 °C as a consequence of the moisture content being totally removed. 
Both heat of drying and heat of wetting increase as moisture content decreases. 
Measured heats of drying are higher than measured heats of wetting l 3. However 
assuming that the heat of drying and heat of wetting are equal at same moisture content 
and same temperature, the heat of drying (wetting), which involves both the extra heat 
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needed due to the non-saturation condition (Relative Humidity is less than 1) and the 
latent heat, can be calculated as follows: 
t1H = - ( 18 x 10 -3 J-1 RT ln(RH) + HLT (J Kg -1) (7.7) 
where R is the universal gas constant & equal to 8.31 x 10 -3 J mol-1 °K-1; HLT is the 
normal latent heat of water vaporization, J Kg -1. 
The variation of the difference between heat of drying and heat of wetting (at the same 
temperature) with moisture content may show hysteresis. The drying of as-mined coal 
shows different types of moisture in coal. The wetting of previously dried coal may just 
simply add the same type of moisture, namely free moisture, onto the coal sample 
surfaces. 
7.4 Effect of Moisture on Self - heating of Coal 
The effect of moisture in coal on the heat balance during spontaneous heating has been 
summarised into the following points by Dr. I. K. Walker 14 : 
( 1) Effect of moisture on surface heat transfer 
(2) Effect of water on internal thermal conductivity 
(3) Influence of moisture on thermal diffusivity 
(4) Effect of moisture in ventilation 
(5) Heat of wetting 
(6) Heat of drying 
The effect of moisture in coal on the rate of oxidation may be summarised as follows: 
( 1) Effect of water vapour on oxygen partial pressure 
(2) Gaseous oxidation in the presence of moisture 
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(3) Water formed by oxidation reaction 
(4) Traces of water as a catalyst of gaseous oxidation 
(5) Effect of prior desorption of water on gaseous oxidation 
( 6) Role of water in hydrolysis reactions 
(7) Role of water in oxidation by chemicals 
(8) Direct reaction of chemicals with water 
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CHAPTER 8. EXPERIMENTAL STUDIES ON THE EFFECTS OF 
MOISTURE CONTENT - PROCEDURE, RESULTS 
AND DISCUSSION 
8.1 The Equilibrium Moisture Relationships for Ohai Crushed Coal 
at 50 °C and 75 °C 
8.1.1 Introduction 
The aim of this study was to use an isothermal calorimeter to obtain equilibrium sorption 
curves at different temperatures. The characteristics of these curves can be used as a 
means to estimate the heat of drying during the computer simulation of the process of 
spontaneous heating as mentioned in Chapter 6 and Chapter 7. 
Heats of drying & wetting of porous solids have been found to be higher than the latent 
heat at the same temperature. For Ohai fresh fine coal, further information on this was 
needed as data for the mathematical model. 
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Figure 8.1 The Arrangement of the Microcalorimeter System 
A: Valve at Outlet of the Reaction Tube 
B: Valve at Inlet of the Reaction Tube 
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The microcalorimeter ( as shown in Figure 8.1 ), used was a single Calvet type'.6 
Nitrogen is led to the coal sample in the reaction tube inside the calorimeter. The N2 is 
dehumidified by passing it through a tube of magnesium perchlorate powder. The 
calorimeter is kept at a constant temperature by the air-conditioning system. Details of 
this calorimeter can be found in Reference 1. 
The calorimeter makes it possible to determine how close the drying process is to 
equilibrium state. This can be done by stopping the gas stream during an experiment and 
the coal sample is left to come to equilibrium with the calorimeter. After a period of 2.5 
hours, the gas stream is then started again. If the drying process was not near equilibrium 
previously, the rate of drying will be visibly higher on restarting 2. 
8.1.2 Experimental 
The nitrogen flow used was set at an approach velocity of 1.30 ~ 1.80 ml/min at S.T.P. 
in order to achieve the 'near' equilibrium drying rate. 
The heat of drying provides the signal from the calorimeter and is fed to a 1 mV full-scale 
chart recorder. The accuracy depends on the sensitivity of the calorimeter which is 
calibrated at: 
27.50 ( µV /mW) 
In order to find this sensitivity of the calorimeter, a resistor was used to introduce a 
known amount of heat into the calorimeter. This was done by connecting the resistor to a 
battery. When steady state is attained, the sensitivity was determined by the following 
relationship : 
Sensitivity = Deflection of Recorder Output/ Power 
The sensitivity of the calorimeter relates the recorder voltage outputs to the heat being 
given out during the drying/ oxidation process. This sensitivity has been confirmed by 
the experiments on pure water evaporation carried out by Ong (1988) 2 in this 
department. The calibrations of the instruments used were checked against standards in 
the electronic and electrical workshop of the Department of Chemical and Process 
Engineering, University of Canterbury. 
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To determine the relative humidity of the nitrogen passing over coal, about 1.5 grams of 
crushed coal particles was put in the reaction tube for each trial. The drying tube was 
filled with magnesium perchlorate powder to absorb the moisture evaporated from the 
coal. 
The calorimeter heat sink was heated to the required temperature by an external heater. 
The function of external heater was taken over by the temperature control which kept the 
temperature inside the calorimeter steady. The whole process took about a week. 
Six preliminary runs were carried out to make sure that all techniques are mastered 
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Figure 8.2 Temperature Controller used in the Calorimeter System 
The temperature controller ( as shown in Figure 8.2) has two controls for adjusting the 
temperature to a required value. One is the 'coarse' controller and the other is the 'fine' 
controller ( as shown in Figure 8.2 ). Both of them have integer scales from O to 10. 
The ' fine ' controller represent one tenth of the ' coarse ' controller; meaning that if the 
reading of the ' coarse ' and ' fine ' controller are 3 and 7 respectively, then the exact 
reading of coarseness is 3.7. A rough estimation of the relationship between the numbers 
on the two controllers and the required temperature was worked out ( see Figure 8.3 ). 
After using this relationship to obtain the ' near ' required temperature, one can get the 
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Figure 8.3 Relationship between the Temperature of the Reaction Tube in 
the Micro-calorimeter and the Reading of the Temperature Controller 
The moisture loss from a coal sample during each time interval, which is varied from 2 
hours to 14 hours, is measured by weighing a drying tube placed at the outlet of the 
reaction tube. The perchlorate powders inside the drying tube is replaced every time after 
weighing to make sure that there is always enough moisture absorbant available. As the 
nitrogen flow rate used this time is only half of that used in a previous study by Annie 
Ong in 1988, one drying tube has been found to be sufficient to collect all moisture lost 
by the coal sample during each time interval. 
When the preliminary experiments were carried out, it was foµnd that weighing an open 
ended drying tube would give 10% less than the total moisture collected by the tube 
during one time interval. It was then decided to use the' glass-glass contact' method to 
seal off the drying tube so that no moisture could escape from the tube. 
During the preliminary experiments, at higher temperatures ( i.e. 75°C ), flow 
breakdowns were often found during the first ten hours of the experiments. This was 
due to vapour condensation taking place in the drying tube causing the powder to swell 
which then blocked the gas flow. This can be avoided by putting the drying tube inside 
the external insulation layer of the calorimeter ( Re{ to Figure 8.1 ) and replacing the 
moist powder by fresh dry powder more frequently. 
When this coal sample has been dried to less than 8%, the drying process takes place 
more slowly and a longer time interval, is used to improve the accuracy of weighing the 
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moisture loss. Normally, about ten-hour intervals are used during the final drying 
process. 
At first a low nitrogen flow was passed through the flow system to drive out the air. 
After two hours, the reaction tube and the drying tube were placed inside the calorimeter. 
A low nitrogen flow was still passed until the voltage outputs indicated that equilibrium 
had been reached. 
The nitrogen flow rates were noted throughout the drying period and a final moisture 
analysis was performed on the dried coal after drying ceased. Moisture that still remained 
in the coal was analysed by: 
(i) Putting the Nitrogen dried coal sample in an vacuum oven (110 °C ) for 4 hours. 
(ii) Placing the sample in a desiccator for 1 hour or until the temperature of the coal 
sample had steadied. 
This procedure normally indicates that around 2 % moisture content remained on dry 
basis. Generally one experiment takes about a week to be completed. 
The coal sample was sized around 2000 microns by sieving between different mesh sizes 
( 3180 microns and 1680 microns), the variation of the size was 30 %. This size is 
similar to the mean size calculated in Chapter 6 and the mean size used in the 2-m long 
column test. 
For calculating the relative humidity of the gas stream and the moisture content of coal on 
a dry basis, the saturated humidity of N2 flow is assumed to be the same as for air. 
Relative Humidity, RH, and Moisture Content, MC, are calculated as follows 2: 
RH = Rate of the Actual Moisture Loss (mg/hr) 
Rate of the Saturated Moisture Loss (mg/hr) 
and, 
MC =Initial Moisture Content - Cumulative Moisture Loss (g) 
Initial Mass of Coal Sample - Total Mass of Moisture (g) 
8-5 
8.1.3 Results and Discussion 
The data at temperatures of 50 °C and 75 °C is summarised in Table 8.1.1, Table 
8.1.2 and Table 8.1.3 in which the experimental conditions, raw data and calculations 
are presented. The second run at 75°C was carried out to confirm the higher value of heat 
of drying measured in the first run at 75°C when the coal sample is dried to less than 5%. 
Table 8.1.1 Drying of Coal at 50 °C 
N2 Flow Time 
Rate at STP Interval 
(ml/min) (hr) 
< 1.10 11.50 








Dry basis of the sample: 1.195 g. 
Heat Release during 










Initial moisture content: 22.1 %. 
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Table 8.1.2 Drying of Coal at 75 °C 
Nz Flow Time 
Rate at STP Interval 
· (ml/min) (hr) 
~ 0.0 5.70 
1.80 1.03 






Dry basis of the sample: 1.230 g. 
Heat Release during 









Initial moisture content: 25 .0%. 













































In Figure 8.4, one can see that the moisture content of Ohai coal is of three types as far as 
the bonding energy is concerned. This finding may be distinguished from previously 
published results which showed that only two types of moisture existed in coal particles. 
It may be appropriate to acknowledge that beyond ~ 8% moisture ( dry basis ), free 
moisture content exists. The moisture between the~ 5% and~ 8% may be regarded as 
loosely bonded moisture. The moisture within the ~ 5% mark is the tightly bonded 
moisture. 
Although very slow, the process undertaken here is still a drying process. The gas at the 
inlet of the reaction tube is always dry. The relative humidity profiles at different times 
are as shown in Figure 8.7. The relative humidities calculated in the tables are the relative 
humidities at the outlet of the reaction tube. The true relationship should be between the 
distance mean relative humidity of the . gas and the the moisture content of the coal 
sample. 
If we do take the relative humidity as this mean value, we suggest that the following 
idealized situation exists ( see Figure 8.5 ) which means that the nitrogen stream is 
humidified before it enters the coal bed. However, as the coal dries, the relative 
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Figure 8.5 Idealized Profiles of Relative Humidity along 
the Reaction Tube 
Also, compared with the much larger mass df coal used in one section in the computer 
simulation ( which is normally 2000 times the mass of the sample used in micro-
calorimeter ) this situation can be accepted. 
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8.1.4 Curve Fitting 
Now we plot the relationship between the relative humidity of the gas and moisture 
content of coal. As the drying process mentioned above is considered as the 'near' 
equilibrium state ( no visible sign of non-equilibrium has been found during the tests ), 
the relationship can be used to estimate the drying rate in a packed coal bed during 
spontaneous heating process. 
The relative humidity of 'air' is regarded as a function of temperature and the moisture 
content of coal : 
RH= F ( T, MC) ( 8.1) 
For one section of the column, the in computer simulation, one can then use the 
following equation to calculate the drying rate : 
Drying Rate = Vg A ( a ( RH. S(T)) / ax ) ( 8.2) 
where V g is the linear speed of dry gas flow at S.T.P. in the column, m/s; A is the cross 
area of a column ( m2 ); S(T) is the weight of the saturated moisture result from 1 m3 dry 
gas at S.T.P. 
It has been discussed in Chapter 7 that the equilibrium relationship could be expressed by 
an equation derived from the free energy analysis. This formulation is: 
- ln ( 1 - RH ) = J3T ( MC Jn 
or RH = 1 - e-J3T(MCJn ( 8.3) 
where the original work has considered the coefficient B is constant. 
Equation (8.3) was used by the author to analyse the equilibrium data of coal obtained by 
Glanvile et al 5. Their experience was limited to a temperature of approximately 25°C 
only. The data has been found to well fit the equation (Ref. to Figure 8.6): 
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RH= 1- e-31.36T(MC) 1.72 (8.4) 
1.0 
• 
• Glanvile et al 
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Figure 8.6 Comparison between the Experimental Data by Glanvile et al 5 
and the Predicted Data by Equation (8.4) 
The author has found that considering B as a constant regardless of whatever the 
temperature is, will gather the equilibrium curves of RH versus MC at different 
temperatures ( from 20°C to 100°C) very close to each other. 
Similar to the method mentioned above, a model equation for fitting the experimental data 
obtained by the author is developed as follows: 
RH = 1 - e - I (0.00468 T-1.305) T MC 2.174] (8.5) 
where the coefficient, Bis assumed as a linear function of temperature. The predicted 
data at 35 °C, 50 °C, 75 °C and 90 °Care plotted comparing with the experimental data at 
50 °C and 75 °C in Figure 8.7. Equation (8.5) has been used in the computer simulations 
described in Chapter 6. 
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Figure 8.7 Model Prediction / Experimental Data 
8.2 A Mathematical Model of the Equilibrium Relationship between the 
Relative Humidity of 'Air' and the Moisture Content of Coal 
It may be ambitious to suggest a theoretical method for estimating the family of the curves 
of Relative Humidity of Air (RH) vs Moisture Content of Coal (MC) (curves at different 
temperatures). However in order to ease the experimental tasks to obtain the parameters 
used in predicting a spontaneous ignition process by the present model, the author of this 
thesis has to do so. 
When freshly crushed coals are exposed to air at both room temperature, e.g. 20 °C, and 
100 °C, the nature of the curve of RH vs MC may change at the critical moistures (using 
M 1 & M2 present) where the excess moisture and the natural coal moisture are 
distinguished (M1), i.e. 17 % for Ohai coal, the free moisture and loosely bonded 
moisture are also distinguished (M2), i.e. 8 % for Ohai coal. Mathematically, they are 
distinguished where the second derivatives of RH against MC are zeroes. If the room 
temperature is 20 °C ( 293 °K ), using equation (8 .3) gives : 
8 - 13 
a2 RH/aMC2=(1 - RH)[ 132(293)2 n2 M1 2(n - ll-l3(293)n(n- l)M1 n - 2]=0 
(8.6) 
Whilst the change of the slope of RH vs MC curve, is expected to occur at the moisture 
content beyond which the moisture is the loosely bonded moisture. Therefore, again 
using equation (8.1.3 ), one has : 
a2 RH/aMC2=(1 - RH)[ 132(373)2 n2 M2 2(n - 1Ll3(373)n(n-l)M2n - 2]=0 
(8.7) 
Only one experiment on ' near ' equilibrium drying of coal is to give the values of n and 
the critical moisture contents (M1, M2 and M3) indicated by the heat of drying as a 
function of moisture content. For example, for Ohai coal as used and described in the 
first section in this chapter, n was found to be 2.17 4 whilst the critical moistures of M 1 & 
M2 are 17% and 8% respectively. 
Using equation (8.6), gives: 13 = 0.0868, when T = 20°C; 
Using equation (8.7), gives: 13 = 0.3511, when T = 100°C. 
The values of 13 at these two temperatures predicted by equation (8.5) are 0.0662 and 
0.4406 respectively. 
The author suggests that the one experiment of drying, which has to be carried out, 
would be carried out at temperatures of 50°C~60°C as the values of B at three 
temperatures of 20 °C, 50 °C and 100 °C could well correlate the whole family of RH vs 
MC curves. 
This suggestion should be confirmed by experiments carried out by using different coals. 
8.3 The Effect of Moisture Contents of Ohai Coal on Its Oxidation 
Rate during near Equilibrium Drying and Wetting Process at 50 °C 
8.3.1 Introduction 
Much of the basic work on coal oxidation was carried out by Winmill 6, Graham 7 and 
Scott 8 in the early 1900s and at that time there was also discussion on the effects of coal 
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moisture and air humidity. In the 1950s Berkowitz · ' and Stott et al published papers 
showing how the heat of absorption and desorption of water vapour in coal was a very 
11. 
strong controlling factor in the spontaneous heating of coal and Banerjee (1985) has 
11. 13 
summarized much of this work and more recently Bhattacharyya · (1971), Quan 
I~ •S 
(1972), Stott · (1980) and Schmal et al · (1986) have published further work. 
Another aspect of this problem, not so far resolved, is to what extent the moisture content 
of coal affects its rate of oxidation and a great deal of apparently contradictory literature is 
available on this. This section describes microcalorimetry work carried out as part of the 
investigation of spontaneous heating of coal by the authors complementary to 
experiments conducted on 110 Kg of coal in a 2 m long apparatus which follows the 
progress of spontaneous heating from ambient temperature to just over 100 °C. 
In the experiments described in this section, about 2.5 grams of coal are held in a 
microcalorimeter at 50 °C and the heat of oxidation is measured together with the rate of 
oxidation (determined by air oxygen analysis) and the degree of drying (by gravimetric 
analysis). 
The microcalorimeter used is the same one as mentioned in last section. The arrangement 
of the equipment for these experiments is shown in Figure 8.1. The 2.5 g coal sample is 
placed in the reaction tube through which can be passed either air or N2. Inlet and outlet 
oxygen mole fractions are recorded by paramagnetic gas analyser and the moisture loss 
from the coal is measured by weighing the coal before and after the experiment. The coal 
used was Ohai sub-bituminous (see Table 8.3.1) which was saturated with water by 
storing in a sealed container for two weeks at room temperature. The coal, obtained from 
a mine dump, was known to be well oxidised in the sense that, at room temperature of 
20°C, it exhibited a constant low rate of oxidation of about 2 ml hr1 Kg· 1 so that the 
experiment would not be affected by the decreasing rate of oxidation shown by fresh coal 
during the first one hundred hours of oxidation. 
8.3.2 Experimental Procedures 
1. About 2.5 gram of coal is placed in the reaction tube to coml~quilibrium with the 
calorimeter at 50 °C and a very small flow of N2 (less than 0.2 ml/min S.T.P.) is passed 
through the calorimeter. This flow of N2 has been found to be essential to prevent 
moisture condensing in the outer parts of the fine plastic tubing carrying the N2 flow but 
it is small enough to make any moisture loss, caused in this way, to be negligible. 
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2. The nitrogen flow rate is then set to about 1.5 ml per minute (S.T.P).This flow is 
sufficiently low that if, after about 5 hours the flow of nitrogen is stopped for 4 hours, on 
starting the flow at the same rate no increase in the rate of drying is apparent from the 
calorimeter output. We take this as an indication that the coal is not being dried so rapidly 
that a reduction in vapour pressure at the surface of the coal occurs compared with what 
could be obtained at a slower drying rate. The nitrogen flow is continued, typically, for 
between 10 - 15 hours. 
3. An air flow is now substituted for the nitrogen flow at the same rate and the outlet gas 
from the calorimeter is put through the paramagnetic oxygen analyser which can detect 
differences in air oxygen content of 0.5%. At 1.5 ml per minute the oxidation rate of coal 
is so low that the outlet concentration of oxygen is, as far as the oxygen analyser can 
detect, the same as that of the inlet air. It takes about 2.5 hours of oxygen flow to sweep 
the nitrogen from the calorimeter and obtain this condition and when this occurs the 
valves A and B in Figure 8.1 are shut and the apparatus is allowed to stand for 7 - 12 
hours . 
4. The air flow is then started at the same rate and the percentage of oxygen in the gases 
swept from the calorimeter are recorded using the paramagnetic oxygen analyser. This 
generates a peak in the trace of the oxygen analysis similar to that obtained during gas 
chromatography. From the area of this peak we calculate the deficiency of oxygen which 
has been removed by the coal during the time of the oxidation. 
5. The nitrogen flow can then be restarted and the experiment repeated. In this way we 
can obtain oxidation rates at different moisture contents. 
In the wetting experiments, about 1.5 grams of coal which had been dried previously 
in the calorimeter reaction tube in a flow of dry nitrogen, was placed in the calorimeter 
reaction tube and held by a fine stainless steel mesh over 0.5 gram of distilled water lying 
in the bottom of the reaction tube as shown in Figure8.l. The gas flows down the central 
inlet tube to just above the water surface and then rises up through the coal and exits from 
the calorimeter. The gases are not bubbled through the water as previously experience 
has shown that this always results in fine droplets being carried along in the gas flow 
making gravimetric measurements of water transfer impossible. The moisture which 
leaves the calorimeter is collected in the drying tubes and the total error between the final 
weight of the coal and the weight of the water placed in the reaction tube is about 1 % of 
the initial total distilled water. The design of the calorimeter and slow flow rate ensure 
that the process is very near isothermal. In a flow of nitrogen, the voltage output of the 
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calorimeter gives the difference between the heat of evaporation of the distilled water and 
the heat of absorption of the water vapour on the dry coal. 
8.3.3 Calculating the Rate Constants of Oxidation 
As the experiment takes place at constant temperature and the coal is already well 
oxidised, the oxidation rate can be written as in equation 8{ which assumes that the rate of 
oxidation is proportional to the mole fraction of oxygen in the air raised to some power,n. 
dO/dt = K [ Pin V - 0 ) / (0.2093 V) ]n 
where, K= Oxidation rate constant, ml (hr Kg) -1 of dry coal 
n= Reaction order, n is proposed as 1 
(8.8) 
0= Oxygen absorbed by coal sample during reaction time, ml 
Pin= Initial oxygen mole fraction in sealed reaction tube 
t= Reaction time, hour 
V= Volume of gas space in reaction tube, ml 
8.? 
On integration this becomes equation (~: 
K = -( 0.2093 V /t) Ln( ( Pin V - 0 ) / ( Pin V ) ) (8.9) 
The quantity O of oxygen used during the time of oxidation can be determined from the 
area of the peak, mentioned earlier, which records the oxygen mole fraction of the dry air 
issuing from the calorimeter after the period of oxidation. 
8.3.4 Experimental Results and Discussion 
Six experiments have been carried out whilst the coal was drying and two while wetting. 
Typical traces of Run #3 (drying) are shown in Figure 8.~ and Figure 8.A. The 
conditions during this experiment are summarised in Table 8.3.2. During the drying 
process the results indicate a definite increase in the rate of oxidation until the moisture 
content is reduced to about 8 % and then this rate of oxidation falls off. The maximum 
1 
point calculated under the saturated condition in Figure 8.H is 353.2 ml hr -1 Kg -1 dry 
coal. 
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Table 8.3.1: Coal Analysis for Ohai Sub-Bituminious (Sample Basis) 




















16 (MJ kg -1) 
Table 8.3.2: Experimental Conditions of Run #3 (Drying) 
Calorimeter Temperature 
Calorimeter Sensitivity 
Type of the Coal Sample 
Weight of the sample Initially 
Initial Moisture Content of the Sample 
Empty Volume of the Reaction Tube 









110 120 130 140 
50°C 
27.5 + 0.65 % (µV/mW) 
Ohai Sub-Bituminus Old Fines 
2.59 gram 






Figure68, A Typical Trace of Heat Release during Run #3 (A: N2 flow, 3.4 mVmin B: N2 
flow, 1.55 mVmin C: Air flow, 1.55 mVmin D: No flow, Valve A&B off E: Air flow, 1.55 mVmin 
F: N2 flow, 3.4 mVmin G: Air flow, 1.55 mVmin H: No flow, Valve A&B off I: Air flow, 1.55 
mVmin J: N2 flow, 3.4 mVrnin ) 
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Figure 8.9 The Effect of Moisture Content on the Oxidation Rate 
during Drying Process ( Run #3 ) 
The heats of oxidation during the drying experiments were also measured. Although the 
accuracy of measurement was low, due to the small amount of coal being used, the 
results are included here as few measurements are available in the literature. It should be 
noted that 2.5 gm of coal was used in these experiments to allow a large enough gas 
volume to be in contact with the coal when the reaction tube was closed during the time of 
oxidation. The relatively large gas volume ( 12 ml ) is necessary to allow sufficient 
accuracy of measurement of the final oxygen content in the reaction tube. Otherwise 
about 15 gm of coal can be contained in the calorimeter with a corresponding increase in 
the accuracy of measurement of the heat of oxidation. 
Because of the nature of this equation, the magnitude of the rate constant can be strongly 
influenced by the accuracy with which the initial volume of oxygen in the reaction tube is 
known. This is particularly true if the oxygen remaining after absorption by the coal is a 
small proportion of the original oxygen. The water vapour pressure in the reaction tube 
also influences the original volume of air and this must be taken into account of. This we 
have done by using the data shown in Figure 8.9 in which the water vapour pressure 
associated with the coal at 50 °C is plotted against the coal moisture content. 
Table 8.3.3 summarizes the calculation of the rate constant to demonstrate the 
calculating procedures. We are forced to conclude that the observed increase in the rate 
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of oxidation down to a moisture content of about 8% is due to some change in the coal 
which produces more sites for oxidation. This effect has been previously proposed by 
several authors. ( Refer S.C. Banerjee 1985, I.K. Walker 17 1967) 
Table 8.3.3 Experimental Data and Calculations of Run #3 (Drying) 
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Total Heat Release Heat of oxidation 
(J) (J/ml at STP) 
10.5 11. 6 
12.5 10.8 
16.8 11. 0 
20.9 11. 0 
16.8 10.5 
13.0 9.3 
lhe obvious change in the partial pressure of oxygen over the coal due to the change in 
Cq~ be. toi. 11 ct 
vapour pressure of the water"as the coal dries. We can estimate the effect of this by 
assuming a change in vapour pressure with coal moisture content as shown in Figure8? 
This relationship is based on some unpublished results of Annie oni (1982). At 50 
~C the vapour pressure is sufficiently low to make this effect relatively minor. The 
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magnitude of this effects is shown in Figure . Therefore we are forced to conclude that 
the observed increase in the rate of oxidation down to a moisture content of about 8 % is 
due to some change in the surface of the coal which produces more sites for oxidation. 
This effect has been previously proposed by several authors. 
We then have to account for the decreased rate of oxidation as the coal further dries. It is 
possible that we are witnessing, here, the same phenomena which is observed with 
freshly crushed coal. That is, when fresh surfaces are exposed to oxygen, there is a 
rapid rate of oxidation which at first falls very quickly and then settles down to a 
relatively low constant rate of oxidation. The drop in the rate of oxidation as the drying 
process proceeds could then be simply explained by fresh oxidation sites exposed earlier 
in the drying process being used up as oxidation proceeds. This would then give the 
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familiar fall in the rate of oxidation with oxygen absorbed which is commonly observed 
in freshly crushed coal. The trend appears to agree with the results obtained by Sondreal 
et al 18 (1974) who observed a similar behaviour in Lignite crushed coal which gave a 
maximum oxidation rate at 20% moisture content 
In these wetting experiments, the rate constants of 40 ml/hr.Kg dry coal approximately 
were found after the maximum relative humidity was obtained. The wetting process had 
been compared with the drying process under the same rate of nitrogen flow. The wetting 
process maintained a lower output of heat release. The heat of oxidation during these 
wetting processes had been too small to be measured. The experimental conditions of 
Run #5 are summarised in Table 8.3.4. The trace of K vs Relative Humidity is shown 
in Figure 8.10. No sign of any increase of oxidation occurred when the air in reaction 
tube was being humidified. 
Table 8.3.4: Experimental Conditions Run#5 (Wetting) 
Initial Sample Weight (before drying) 
Initial Moisture Content of the Sample 
Weight of Dry Basis 
1.922 gram 
2.4 % (on dry basis) ** . 
1.768 gram 
* The Other Conditions were the same as in Table 8.3.2 
** Previously dried in N2 stream at 50 °C for 4 days 
Experimental Data and Calculations 
Relative Humidity Reaction Time Oxygen Absorbed Rate Constant 
(%) (hr) (ml) (ml/ (hrKg)) 
10.3 7.5 1.54 181.9 
14.2 7.0 0.51 47.3 
15.4 7.5 0.48 41.0 
27.6 40.5 0.89 40.5 
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Figure 8.10 The Effect of Moisture Content on the Rate of Oxidation 
during Wetting Process 
All these experiments suggested that the drying of coal may ' refresh ' the coal surface 
which would then be able to oxidise at the rate associated with ' fresh ' ( as mined coal ) 
and so give a higher rate of heat release. 
The rest of the experimental and calculated results are listed in Table 8.3.5 - 8.3.8. 
Table 8.3.5 Experimental Conditions of Run #1 (Drying) 
Initial weight of the sample 
Initial Moisture Content of the Sample 
Empty Volume of the Reaction Tube 
Void Volume of Reaction Tube 
3.91 gram 
33.6 % (on dry basis) ** 
12ml 
9.8 ml 
**previously soaked in water for 6 days &wiped out the surface moisture by tissue paper 
Experimental Data and Calculations 
Coal Moisture Reaction Time Total Heat Released Oxygen Absorbed 
~r) 
/ ~ 11 eat "{ tJx ,'el . 
% on dry basis (J) (ml) (J ml -1) 
31.0 12 9.43 0.67 14.1 
23.9 12 0.68 
11.4 12 15.71 0.98 16.1 
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7.9 12 10.99 0.83 13.2 
Table 8.3.6 Experimental Conditions of Run #2 (Drying) 
Initial weight of the sample 
Initial Moisture Content of the Sample 
Empty Volume of the Reaction Tube 
Void Volume of Reaction Tube 
2.80 gram 
26.2 % (on dry basis)** 
12ml 
10.3 ml 
** previously soaked in water for 2 days and wiped out the surface moisture by tissue 
paper 
Experimental Data and Calculations 
Coal Moisture Reaction Time Total Heat Released Oxygen Absorbed Heat of Oxid. 
% on dry basis (hr) (J) (ml) (J ml -1) 
25.1 17 0.56 
9.6 17 15.58 0.95 16.4 
5.5 17 13.35 0.88 15.2 
2.4 17 0.60 
Table 8.3.7 Experimental Conditions of Run #4 (Drying) 
Initial weight of the sample 
Initial Moisture Content of the Sample 
Empty Volume of the Reaction Tube 
Void Volume of the Reaction Tube 
2.10 gram 
26.0 % (on dry basis)** 
14ml 
12.3 ml 
** previously soaked in water for 2 days and wiped out the surface moisture by tissue 
paper 
Experimental Data and Calculations 
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Coal Moisture Reaction Time Oxygen Absorbed 
% on dry basis (hr) (ml) 
22.8 7 0.45 
17.3 7 0.57 
13.7 7 0.60 
12.8 7 0.83 
9.42 7 0.61 
6.78 7 0.51 
2.66 7 0.29 
Table 8.3.8 Experimental Conditions and Calculations of Run #6 
(Wetting) 
Initial weight of the sample 
Initial Moisture Content of the Sample 
Empty Volume of the Reaction Tube 
Void Volume of the Reaction Tube 
** the same sample as used in Run #3 
Experimental Data and Calculations 
0.988 gram 
4.93 % (on dry basis) ** 
14ml 
12.8 ml 
Relative Humidity Reaction Time Oxygen Absorbed Rate Constant 
(%) (hr) (ml) (ml (hr Kg) -1) 
5 4 0.39 109.5 
11.9 19.5 0.61 65.8 ____ __ _______ ______________ \. _______________________________________________________ _ 
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CHAPTER 9. RATE EQUATION OF OHAI COAL OXIDATION 
9.1 Introduction 
The oxidation of Ohai sub-bituminous coal has been studied more extensively than that of 
any other New Zealand Coals 1, 2, 3 but a summary of this work is still unavailable. Such 
a summary could be useful as enough work is now available on the behaviour of Ohai 
coal during spontaneous heating that the results could be used as a reference. 
Particularly, the results from the 2-metre long column experiments together with the 
mathematical model could be used as an example to compare similar results on coals all 
over the world. 
To achieve this aim, the following tasks should be completed: 
(1) re-analyse the previously published results; 
(2) compare the previous data with the present experimental results from column 
test; 
(3) formulate the rate equation of oxidation. 
The following sections below describes work which the author of this thesis has 
contributed to the attainment of the above aims. 
9.2 Re-analyse Stott's Data on the Rate of Oxidation of 
Ohai Fresh Fine Coal 
The most valuable previous work was found to be Stott's 1 data between 20 °C ~ 50 °C 
on the oxidation of -72 mesh( 0.211mm) Ohai coal. It has previously been found that 
this data fit in an equation of the following form: 
dOc/dt = C1(T) / (1 + C2 Oc) m ( ml / (Kg.hr) ) (9.1) 
where C1 (T) showed an Arrhenius type of dependency on temperature and C1 (T) is 
equal to a exp(-E/RT). Approximate curves for 1/4 inch ( 6.35 mm) New Zealand coal 
were obtained by assuming that, between -72 mesh and 1/4 inch, Ohai coal showed a 
9-1 
similar reduction in oxidation rate to Barnsley coal with respect to particle size as reported 
by Winmill 4. The sizes coal samples used in his experiments were at -2 + 10 mesh. 
Using this assumption, the rate equation for coal fines of~ 6 inches ( 15.2 cm) was: 
dOc/ dt = 1.45 x 1014 exp(-8572.3/T) / (1 + 0.022 Qc)0.895 (9.2) 
If the temperature, T, is equal to 20 °C, and the oxygen absorbed, Oc, is zero, equation 
(9.2) gives an oxidation rate of 28.5 ml 02 per Kg per hour. 
Stott's data 1 was then analysed to obtain the oxidation rates (ml/ (Kg.hr)) at different 
temperatures but at the same oxidation extent (the amount of oxygen absorbed) were then 
worked out as shown in Table 9.2.1. 
For temperatures below 40 °C, the relationship between Ln( dOJdt ) and 1000/f was 
then plotted, as shown in Figure 9 .1 and the average activation energy in terms of E/R 
was calculated. It is equal to 6891.8. 
Table 9.2.1: Rate of Oxidation at Different Oxidation Extent (ml(Kghr )·1) 
---------------------------------------------------------------------------------------------------------
Oxygen Temperature (°C) 
Absorbed 20 30 35 40 46 
(ml/Kg) 
500 160 340 43.5 600 
1500 80 150 240 360 
2500 40 80 125 200 775 
3500 24 80 120 565 
Using the value of E/R, the relationship between Ln(dOcfdt), E/RT and the oxygen 
absorbed, Oc, was also plotted to work out the pre-exponential factor, a (see Figure 9.2). 
Second-order fitting and the least square method was used. Ln( a ) was worked out 
from the point where Oc is zero and it was equal to 28.9 so that ' a ' is then equal to ~ 
3.65 X 1Ql2, 
The aging effect of oxidation was expressed by Stott, Murtagh and Quan 5, 6 by a 
formulation of 1/(1 +b Oc)m. However, one can see that it is difficult to obtain the value 
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Figure 9.2 Aging Effect on Oxidation Rate when Temperature 
is below 40 °C 
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It was therefore decided to use a different formulation regarding the aging effect which 
should not conflict with the main feature of the formulation proposed by Stott, Murtagh 
and Quan as above. 
The fitting equation of the rate of oxidation(when the temperature is less than 40 °C) was 
then expressed as: 
dOc/ dt = a exp(-E/RT - b Oc m) (ml/ (Kg.hr)) (9.3) 
or Ln(dOc/ dt) = Ln(a) - E/RT - b Oc m 
where the value of the activation energy ( E/R) is 6891.8 and the pre-exponential factor 
(a) is 3.65 x 1012. 
The value of Ln [ - Ln( dOc/dt ) + Ln( a ) - E/RT ] was plotted against the value of 
Ln(Oc), as shown in Figure 9.3. This gives an excellent agreement between the model 
formulation of 1 / exp( b Oc m ) and the Stott's experimental data. The values of m and b 
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Figureq,3. The Characteristics of the Aging Effect on Coal Oxidation Rate 
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If the temperature is 20 °C and oxygen absorbed is zero, the rate of oxidation calculated 
by equation (9.3) ( particle size: 0.211 mm) is 222.3 ml 02 per Kg of coal per hour. 
9.3 Development of the New Rate Equation of Oxidation 
of Ohai Coal 
9.3.1 Reaction Order ( n ) 
Previous authors have suggested that the oxidation rate decreases according to the 0.5th -
1st power of the partial pressure of oxygen if it falls below its normal value of 21 %. 
Some of data is listed as follows: 
Year Author Reaction Order 
1916 Winmill T.F. 4 0.50 
1940 Schmidt at al 7 0.61 
1945 Elder et al 8 0.66 
1961 Van Krevelen 9 1.00 
1974 Sondreal et al 10 1.00 
Quan 6 compared his predicted temperature profiles by using various reaction orders 
CO.4th~ 0.7th) against his experimental data over the temperature range of 20 °C to~ 30 
°C. He found that the reaction order of ~ 0.5 gave the best agreement with his 
experimental temperature profiles. Quan claimed the value of 0.61 found by Schmidt et 
al 7 was from the rates of oxidation of the same sample as it was being oxidised in an 
atmosphere where the oxygen concentration continuously decreased. Depending on the 
extent of previous oxidation, an additional factor caused by the decrease of the rate of 
oxidation with the extent of oxidation could be involved, and the order of reaction could 
therefore be less than 0.61. The same argument applied to the data by Sondreal et al 10, 
as their gas samples taken at different times were from the same coal sample test, the 
value of the reaction order after taking the reduction of the oxidation rate due to the 
oxidation extent should be less than 1. The data available on the rate decrease due to 
oxidation extent had shown that this decrease within the first 100 hrs to be very 
significant l l that the initial rate being reduced to one twentieth. 
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For instance, reconsidering the following experiment similar to those carried out by 
Sondreal et al 10, quart(~ 1 Litre) containers were loosely filled with approximately same 
amount of sized fresh coal sample and purged with nitrogen. These containers were then 
placed in a constant-temperature oven. After the desired temperature is reached, the 
nitrogen is displaced by air at a positive pressure of 10 inches of mercury and the jar is 
sealed. At intervals, one jar from a series containing similar coal samples was removed 
from the oven and the residual gas analysed from oxygen. Reduction in partial pressure 
of oxygen as a function of exposure time was observed to have obeyed straight line 
correlations of the log of partial oxygen pressure versus time at each of three moisture 
contents and three temperatures. The rate of the oxidation in this process was found by 
Sondreal to be apparently proportional to the partial pressure of oxygen in a jar and can 
be expressed as follows : 
dOc/dt = A exp ( -E/RT) ( P02 / 0.21 ) ( 9.4a) 
A well known fact is that the rate of oxidation still decreases at constant oxygen 
concentration. The process may now be represented by using equation (9.3) which is 
derived from reliable data : 
dOc/ dt = a exp ( -E/RT) (P02 / 0.2l)Il exp ( bOcffi) ( 9.4b) 
Certainly, in the experiments described above, the reduction of the oxidation rate is due to 
both the reduction of oxygen partial pressure and the extent of oxygen consumption. At 
the same time, equations ( 9 .4a ) and ( 9 .4b ) should give the same answer. Thus give the 
following equations : 
A (Po2 / 0.21) = a / exp ( bocm) x (Po2 / 0.21) n 
or (Po2 / 0.21) = {1/ [ (A/a) exp ( bOcffi)]} x (Po2 / 0.21) n ( 9.4c) 
If n is equal to 1, Oc should be equal to zero, which means that there is no aging effect. If 
n is bigger than 1, then from the following equation, 
(P02 / 0.21) = {1/ [ (A/a) exp ( bOcffi) ] } 1/ (1-n) ( 9.4d ) 
the above Po2 will increase if Oc is increased but this is not true in the experiments 
mentioned above. 
9-6 
Therefore, n has to be less than 1 for fresh coal oxidation process. 
For an old coal, which has previously been well oxidised for some years, the aging effect 
can be considered insignificant during its further oxidation in a short period compared 
with its oxidation history. In this case, if we do take into account the aging effect the 
reaction order could be considered as 1. 
The data from old Ohai coal test in column has been analysed in two cases: 
1. when n = 1 
2. when n = 0.5 
This is shown in Figure 9.4a and 9.4b. 
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Figure 9.4 The Rate Constant I Temperature 
However despite all the discussions presented above, obtaining the accurate reaction 
order, is not a simple matter. The main interest of getting this parameter is for the sake of 
curve fitting of the existing experimental data rather than its physical meaning. To gain 
the necessary data, one has to carry out a number of experiments which must be 
carefully designed to avoid the above problems. 
Generally, the effect of the reduction of the partial pressure of oxygen can be taken into 
account by multiplying equation (9.1) by a factor of (Poz'0.21)n, 
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dOc/dt = a exp(-E/RT - b Oc m)(Po2 /0.2l)n ( ml/(Kg.hr) ) (9. 5) 
where the proper value of n will be found by comparing the predicted rate data with the 
rate data from Ohai fresh coal test in the 2-metre long column. 
( The test on Ohai old fine coal, which had been dumped in the open air for more than 
three years, ( Refers to Chapter 5 ) had shown that the effect of the oxidation extent on 
this coal was not significant (Ref. to Chapter 5), particularly when temperature was lower 
than 50 °C below which the moisture effect was small. The correlation between the value 
of [ Ln(dOc/dt) - 0.5 x Ln(PO2/0.21) ] and 1000/T was worked out ·between the room 
temperature and 50 °C (see Figure 9.4). From this, the value of E/R, of old coal 
oxidation was found to be 6899.3 which agreed with the E/R of Stott's data (E/R = 
6891.8) in the range of 18 °C ~ 40 °C,) 
9.3.2 Activation Energy ( E ) 
The activation energy is known to have higher value when the temperature is higher 10 
and the present study is over a temperature range of 20 °C ~ 120 °C. Since there was no 
data similar to those from Stott's experiments above 46 °C, a value was obtained by 
extrapolating the data, using an exponential equation ( See Figure 9.4 ), from Table 9.1 
for 02 absorption of 2500 ml/Kg and 3500 ml/Kg respectively. The shape of the curve 
is very similar to those obtained by Banerjee et al 12. 
The activation (E/R) may be obtained by differentiating the function, Ln(dOJdt), against 
1000/T and expressing it by the following equation: 
E/R = a[ Ln(dOc/dt) ]!a(l000/T)=7.193 x 106 exp(-2023.4/T) (9.6) 
Banerjee et al 10 has also pointed out the nature of the change in activation energy over 
different temperature regions and inferred the initial stage of oxidation to be a composite 
reaction made up of a number of concurrent reactions differently influenced by 
temperature. With rise in temperature, the oxidation reaction shifts continuously to a 
higher activation energy levels, until a certain threshold temperature is reached, beyond 
which a steady reaction ensures (at least up to 170 °C). The value of this threshold 
temperature was found to vary between 80 °C and 120 °C, depending on the nature of 
coal, particularly its moisture content. A Lignite exhibited the lowest threshold 
temperature of~ 80 °C. 
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Figure 9.6 The Aging Effect on Coal Oxidation Rate 
1:1 T =20°C 
• T= 30°C 
a T = 35 °C 
0 T=40°C 
• T=46 °C 
For a sub-bituminous coal, one could also expect its threshold temperature to be higher 
than 80 °C as its moisture content is normally lower than that of a Lignite. However, data 
of this kind on Ohai coal has not been available. In the computer program, we assumed 
9-9 
that the value of E/R was the same as the value obtained at 40 °C at temperatures higher 
than 40 °C. This assumption may lead to a more sensitive response to a temperature 
change but will give a safer measure of the spontaneous combustion of coal. 
9.3.3 Pre-exponential Factor ( a ) and Aging Factors ( b & m ) 
The pre-exponential factor, a, in the temperature range of 20 °C ~ 120 °C was obtained 
from the point where Oc is zero in Figure 9.6. One can see that a is also a function of 
temperature. Plotting the relation of Ln(a) against T (in °K) (see Figure 9 .7), gives ' a ': 
a = exp( 16.948 ) x exp[ 0.639 x T - 174.592 ] (9.7) 
The average values of band m were found to be 5.124 x 104 and 1 respectively. The 
value b has been found to decrease with temperature rise which may mean that the aging 
effect may be weakened by raising the temperature but will never be nil. The relationship 
between b and the temperature may be expressed by the following formula which was 
derived from Figure 9.8: 
b = 1.282 x 102s x T -12.641 (9.8) 
9.3.4 Effect of Particle Size ( d ) on the Rate of Oxidation 
The effect of particle size on the oxidation rate of coal has not been well understood. 
Palmer et al 13 have recently studied the relation between particle size (from ~ 25 µm to 3 
mm) and the initial oxidation rate & surface area of some bituminous coals. They found 
that the decrease in chemisorption observed for particles having mean diameters < 100 
µm was insignificant. This (of< 100 µm particles) may be attributed to a fast penetration 
of 02 to the particle interior. It was reported by Carpenter and Giddings 14 that with 
progressive size reduction a diameter may be attained for which oxygen quickly 
penetrates the whole particle. Further size reduction should have little effect on the extent 
of 02 chemisorption. It is believed that this mean diameter, below which 02 
chemisorption is unaffected varies among coals 13_ Apparently, the trend of decrease of 
the initial oxidation rate as particle size increased (also when dis bigger than 100 µm), is 
similar to the trend of decrease of the superficial surface area against the reduction of 
particle size. The approximated relation between the measured superficial surface area 
and the particle size was found to be: 
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Figure 9.8 The Parameter b is a function of temperature 
A ~ ct -0.56 (9.9) 
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Itay et al 15 have pointed out that the II finer II sub-bituminous coal is much more reactive 
than the coarser coals but the oxidation rate does not seem to be directly proportional to 
the measured total superficial surface areas (the sizes of the samples were 45-63 µm, 
355-500 µm and 500-710 µm respectively). The period of their oxidation experiments 
were normally longer than 7.5 hours. 
The surf ace areas were plotted versus the inverse of the mean particle size. The result can 
roughly be considered as a straight line (Ref. to Figure 9.9) Itay infers that the total 
surface area is proportional to the external surface of the coal but is many times larger 
than the true external area. One can also notice that for Ohai fine coal, the surface area 
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Figure 9.9 Surface Area / Particle Size Relationship 
Now we consider that if the oxidation process occurs within the coal particle as well as 
on the external surface, the rate of oxidation can be assumed to be proportional to the 
surface area multiplied by an exponential decay factor integrated through a depth of O to 
k0 d, where k0 is a fraction of the particle diameter, d. As suggested by Sondreal and 
Ellman10, the rate of oxidation at constant temperature can be expressed by: 
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dOc/dt = CoA f0 _ kod exp(-J3k0 d) ds=(CoA.13- 1) [l - exp(-J3kod)] (9.10) 
where C0 is a reaction constant. 
As discussed before in this thesis, the oxidation rate regardless of the effect of moisture 
content of coal, is a function of temperature, previous oxygen consumption (02 
absorbed), oxygen mole fraction and particle size. The aging effect includes the 
occupation of reactive sites by oxidation products and the restriction of oxygen 
penetration at some depth below the particle external surface, etc. This effect has been 
taken into account by a function of 02 consumption ( f (Oc) ) as described earlier in the 
this chapter. Therefore applying equation (9.10), the pre-exponential factor (a) in 
equation (9.b) at constant temperature can be considered proportional to the superficial 
surface area: 
a = CA (9. 11) 
where C is a constant. This. implies that the initial oxidation rate of particles at a certain 
temperature and 02 mole fraction is proportional to their particle surface area. 
As suggested by Sondreal and Ellman, we may assume that the surface area of Ohai coal 
particles larger than 0.211 mm has the relation with their sizes as expressed by: 
A= C1 d -l (9.12) 
where C1 is also a constant. The ratio of the two pre-exponential factors of two different 
diameters within the range of 50 µm ~ 3 mm is given by: 
(9.13) 
the pre-exponential factor ( a ) as a function of temperature and particle diameter can be 
calculated by the following equation: 
a(T,d)=[exp(l6.948) exp(0.639 x T-17 4.592)](0.2 l lxl03 )d - 1 (9.14) 
where d is in µm. 
When the temperature is 20 °C, if the mean diameter of a group of Ohai coal fines is 2 
mm, the pre-exponential factor is 3.189 x 10 16 and the 02 absorbed is zero & the partial 
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pressure of 02 is 18.03%, the oxidation rate will be 28.986 ml per Kg per hour as 
calculated by equation (9 .5). 
The mean diameter, dm, may be calculated by weight averaging: 
(9 . 15) 
where: Mi is the weight fraction of the i group of particles; Mi can be worked out from 
the size analysis described in Chapter 4. 
In the literature, there is little information about the behaviour of a certain coal mass 
which has a variety of particle sizes where the particles are in contact supporting a mass 
of coal above themselves. In this case, the mean value may not be able to represent the 
group particle behaviour accurately. The surface areas could be different from that when 
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Figure 9.10 Cumulative Particle Size Distribution of Ohai Fine Coal 
in Column 
We may also look at the another way of obtaining the mean diameter of the coal particles 
in the coal bed by weight averaging: 
9 - 14 
dm - l = [ L M1 x d1 - l] / L M1 (9.16) 
Using the data provided in Table 9.3.1 (Also ref. to Figure 9.10, where the 'Mass%' 
is the percentage of the cumulative mass of coal fines through the sieve). the mean 
diameter calculated by equation (9.16) is 0.93 mm while the mean diameter obtained by 
equation (9.15) is 1.98 mm. 
Fortunately, regarding this point, the data on oxidation rate of Ohai coal from column 
together with the size analysis (Ref. to Table 9.3.1) is available to check the predicted 
value. Using the results of the Ohai fresh coal test in the column and the mean diameter 
of 1.96 mm calculated by weight averaging method ( Equation 9.15) gives the best 
agreement. The mean diameter of 0.53 mm by the surface area averaging method 
(Equation 9.16) gives much higher oxidation rates than the measured ones. 
Table 9.3.1 Initial Data on the Mean Particle Sizes 
Mean Diameter, di di -1 Weight, Mi 
(mm) (mm-1) (g) 
4.18 0.239 69.01 
3.27 0.306 12.05 
2.62 0.382 51.54 
1.87 0.535 28 .17 
1.44 0.694 38.97 
1.10 0.909 12.95 
0.85 1.177 25.66 
0.50 2.000 39.23 
0.23 4.348 17.52 
0.13 7.692 6.830 
< 0.10 > 10.0 21.23 
The final form of the rate equation is as follows: 
1. When the temperature is within 18°C to 50°C, 
dOc/dt = 211/d x a(T) x exp ( -E(T)/RT - bOc) x (Po2 /0.21)0.5 
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where: a (T) = exp (0.639 T-157.644) 
E(T) = 5.9774 x 10 4 exp (- 2023.4 / T) 
R = 8.31 KJ mol -I °K -1 
2. When the temperature is within 50°C to 120°C, 
dOc/dt=21 l/d x a(323) x exp[-E(323)/RT-b(323) Oc] x (Po2/0.21)0.S 
where b = 0.00063216 (dis in µm here) 
The value of b here is an ' average' value corrected by the experimental data. 
It must be noted that the following studies on the quantitative interpretation of oxidation 
rate ( rather than analysing the chemical products alone ) should be done to clarify many 
points discussed : 
1. Oxidation rate at higher temperature ( 50 °C ~ 120 °C ) against oxygen absorbed ( Oc ) 
2. The effect of partial pressure of oxygen in relatively long term oxidation experiments 
3. The effect of particle size at different stage of oxidation ( different amount of oxygen 
absorbed) 
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Part III 
Conclusion and Future Work 
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Chapter 10. Conclusion and Future Work 
10.1 Advances made in this Project 
The advances which have been made during the past three years in our understanding of 
spontaneous heating are listed below: 
1. A very large quantity of data on a wide variety of New Zealand coals has been 
accumulated on: 
(1) The rate of oxidation as it occurs in a heating in contrast to the data which has 
previously been available which was obtained under isothermal conditions in a 
laboratory. Given proper and lengthy analysis, the data would also yield information on: 
The effect of air oxygen concentration on the oxidation rate; 
The effect of particle size on oxidation rate (the correct definition of 'mean particle 
size' could be found for the case of coal oxidation.) 
(2) Results in an easily understood form include: 
The analysis of gases leaving a heating at all stages of a heating; 
The emission of methane; 
The way liquid water accumulates and travels in a heating; 
The oxidation rate of Ohai coal direct from the mine face has been compared to the 
oxidation rate of lump coal taken from the Coal Corp yard in Christchurch and 
shown to be similar. 
2. In the computer program (SHOC) developed during the project, some new features 
have been introduced: 
More realistic boundary conditions at air entry, e.g. the convection and radiative 
heat transfer at the inlet boundary have been shown to be important in practice; 
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The effects of diffusion, particularly the diffusion of moisture in air stream; 
A new representation of the rate of oxidation; 
A simplified equation for representing the effect of coal moisture content on 
relative humidity. 
3. A program modified, from a two-dimensional laminar flow program, for calculating 
the flow patterns in two-dimensional coal beds, which could be used in further analysis 
of the spontaneous heating process. 
4. Associated with the column tests, new data on heats of oxidation and drying of Ohai 
coal have been obtained. Data has been obtained on the relationship between coal 
moisture content and the associated relative humidity in contact with coal. An expression 
based on existing theory but incorporating new concepts has been obtained for this 
relationship. The heat of oxidation of 12 J per ml 02 consumed, measured by Stott, was 
again confirmed to be the most effective value. 
5. A new theory has been developed with supporting experimental evidence on the effect 
of moisture content on the rate of oxidation (paper already submitted for journal 
publication). 
10.2 On the Mathematical Model 
It can be seen that the differences between the dry coal model where there is no moisture 
transfer and the moist coal model are: 
In the moist coal model prediction, the inner hot zone is created to an important degree by 
moisture transfer and has a much more widespread layer of high temperatures (about 80 
cm in the present experiments). This region also holds the maximum temperature below 
100 °C for a much larger period (from often from four or five days to an infinitely long 
time). The rate of heat transfer inwards by moisture in the air is much higher than the rate 
without moisture. The locations where the hottest spot occurs predicted by both models 
are different. When the temperature is still below 100 °C, the first place which will go on 
fire is dependent on where the coal is first dried completely. The place predicted by the 
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moist coal model may not be as close to the air boundary as is predicted by the dry coal 
model. 
The model equations used in this study are still very complex in the sense that the rate 
equation of oxidation and the relationship between the Relative Humidity (RH) and the 
Moisture Content (MC) are hard to obtain. It is not practical, at this stage, to obtain the 
complicated equations of oxidation rate and drying characteristics for all the coals in order 
to predict fires. However, the interesting topic, which contains a simple equation with 
fewer parameters which describes the equilibrium isotherms of coal moisture content and 
the relative humidity of air in contact with the coal, is suggested in Section 8.2. This is a 
very attractive topic for future research and may make the task of obtaining the relation of 
RH and MC more easily. 
Perhaps the most important contribution from this study is that the experimental data 
strongly support the mathematical model equations proposed by Stott, Murtagh and 
Quan, and indicate that the terms used in the equations are basically correct and can be 
used to interpret more precisely the nature of the spontaneous heating process. 
The one-dimensional model can be easily extended to a two-dimensional situation and 
natural convection can also be involved. This would further explain the more complex 
situations in practice. 
10.3 On the 2 - Metre Long Column Apparatus 
The 2 - metre long column system (~ 110 Kg of coal involved) has been proved to be a 
very powerful means of accessing the 'full scale' spontaneous heating test in the 
laboratory in the Department of Chemical Engineering, which can duplicate spontaneous 
heating as it occurs in practice. The idea of the design of the ' one-dimensional ' 
apparatus is scarcely reported elsewhere and the heat transfer aspects and the ' one-
dimensional ' accuracy which are achieved could become a field of more widespread 
research as the idea can be used in other circumstances. Developing a smaller apparatus 
(reducing the diameter to about 13 cm so that less than 20 Kg of coals involved) but still 
using the technique of the 2 - m column system should put this type of equipment in a 
more attractive position. Then the cost of sending a coal sample and getting it tested 
should be much less. The quantity of 20 Kg of coal can easily be handled by one man. 
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In the case of mass transfer, the ' one-dimensional ' situation provided by the system 
may not be as good as its thermal control. The entering air stream has to travel a length 
of 13 ~ 15 cm of particulate packed bed, which has been calculated by a computer 
program for cylindrical flow in porous medium developed by the author, to become a 
uniform front assuming the void fraction is 40 %, which implies that at least the first 
section of the column should be filled with non-reactant porous materials. 
The incidents which have happened in the laboratory during the past three years and 
described in this thesis will certainly help the further use of this type of apparatus as a 
standard mean of testing spontaneous heating tendencies of different coals. 
It also should be noted that this apparatus can access the coals which have previously 
been well oxidised by inputing heat in a well controlled way. Otherwise, slow coals 
would take many months to rise in temperature over 100 °C. 
As the 2 - m column apparatus_is now in good operating condition, it is very worthwhile 
to carry out tests on industrially dried coal samples to access their spontaneous heating 
tendencies within New Zealand. As the dried coals are believed to have higher oxidation 
rate and the negligible effect of moisture, these tests can be expected to be completed in a 
shorter period. 
10.4 On the Mechanism of the Spontaneous Heating Process 
It has been shown previously in Chapter 6 that the diffusion mechanism itself cannot lead 
the temperature in a coal stockpile to rise over 100°C ( the temperature beyond which 
ignition normally tends to occur ) even though moisture transfer is taking place. 
However, if there is no natural wind flow through a moist coal heap, the oxygen is 
initially transfered into a heap by diffusion. The coal moisture is not easily driven off as 
gas movement is very slow. The heat of oxidation is not absorbed by drying the coal but 
dissipated by thermal conduction which is normally small. If a fire is to be possible (if 
the heat accumulation is going to increase), the heat generated by oxidation at this stage 
should not be completely lost to ambient. 
If there is a slight temperature rise in: a heap, the decrease in gas density there will cause 
the ambient gas to start flowing through the heap. More oxygen is then brought in to 
increase the rate of heat generation along the streamlines. The water vapour gained at the 
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outer layer, where the fresh air is coming in is therefore transferred by the gas flow and 
passes down stream to the hotter zones. This warm vapour will penetrate further into the 
heap where it is colder so that the latent heat is released by vapour condensation. This 
part of the heap will now be heated. 
This process is repeated to spread the hot zone inwards. The outer layer of the coal 
stockpile may remain relatively cold but the temperature gradient is increased by the heat 
fed backwards by conduction. The rise of temperature near the outer layer causes much 
more rapid oxidation to produce more heat to dry the coal. The convection caused by 
temperature gradient is also beneficial for drying. Drying occurs more rapidly where 
more heat is being produced by oxidation and a higher temperature gradient is being built 
up. According to the equilibrium relationship of the moisture content of coal and vapour 
pressure, the higher the local temperature, the lower the moisture the coal can hold. (This 
part of knowledge is not quantitatively certain when temperature is around 100°C or 
higher.) The driest region will later rise more rapidly in temperature. 
At the start of the heating, the high temperature ( <100 °C) region occured in the inner 
region due to vapour condensation. As more oxygen is consumed within a short distance 
from boundary of the heap, where fresh air is taken in, this region of rapid temperature 
rise will move slowly upstream and eventually go over 100 °C when the moisture at one 
point is completely dried (The moisture here could only be the types of free and loosely 
bounded moisture. The tightly bounded moisture will be driven off at higher temperature 
up to~ 120 °Cat constant pressure.) 
Any winds, if they are slow enough to retain the heat within a heap will increase the risk 
of self-ignition, particularly the time needed to reach a fire could be less in this case. It is 
not necessary to have diffusion as the initial trigger of the ignition but the maximum flow 
rate may be well equivalent to those obtained by natural convection at the final stage of an 
ignition. 
There is no' constant or equilibrium' temperature levels as proposed previously by other 
authors. Precisely, only ' plateaus ' of temperature rise from 80°C to 100°C can be 
acknowledged. At these progressing temperature levels, the competition between the 
oxidation heat and drying heat determines the rate of change of temperature. 
The heat of water absorption or wetting , which does not involve latent heat, sometimes 
has been suggested as one of the most important initiators of spontaneous combustion, 
however, the present studies have shown that without this phenomena, spontaneous 
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ignition can also be achieved as long as the coal has its natural moisture. Indeed, some 
previous experiments on the heat of wetting 1 were done using the circumstance, 
unlikely to occur in practice, where the coal has to be largely dried before interacting with 
water. The mechanism described here is the result of about 40 years of research in New 
Zealand, and should apply to the most common situations either in mining practice or the 
coal storage and transportation. 
In underground mining, according to a summary of the incidences (80 heatings and 51 
fires caused by spontaneous heatings had been reported during the period of 1949 - 86) 
of fires, heatings that had been reported in the Buller/ Reefton Inspectorate from 1949 to 
1986 2, the fallen coals, from the roof of an underground mine and dumped on roadways 
have been found to be the most frequent causes of spontaneous heating or combustion. 
The second important cause was the small air leakage into previously mined and sealed 
sections where the stoppings were broken or, the gaps were found around the stoppings 
due the roof movement. The other heating situations happened mostly in a poorly 
ventilated areas, e.g. a ' dead ' corner, gob areas etc. The most effective method and 
easy way of handling a heating or spontaneous combustion once it had been found has 
been flooding with water if this is possible. The fires have been simply ' washed out ' in 
most cases. 
During shipment, in author's opinion, it is important to make sure the void fraction which 
accounts for the empty space the space between the packed coals is reduced as far as 
possible before sealing the container. Calculations can be carried out on the consumption 
of the oxygen in the container during a shipment, i.e. shipping New Zealand coals to 
Japan which involves many days of sail. Any small air stream into the container, i.e. air 
leakage, will be most undesirable and this will cause further loss of coal if a higher 
degree of heating occurs. 
Even more dangerously, as far as self-heating is concerned, pre-dried coals for export 
(shipping moisture is definitely not economical) produced in drying plants should be 
carefully studied in future. The dried coals produced in different ways should be tested 
to work out the best mean of drying which provides the lowest oxidation rate. It has 
been realised, in the present study, that the degree of drying could also play an important 
role in concerns about spontaneous heating during transportation. This aspect has to be 
further studied under laboratory conditions. The microcalorimeter used in the present 
study is ideal for doing this. 
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If it were practical, one could perhaps avoid a fire in a stockpile by continuously adding 
dried coal fines around the pile side surfaces. This is because the major amount of 
oxygen will be consumed only at the outer layer of the stockpile where the heat can be 
easily dissipated to the surrounding. 
In the case of moist coal, if there is a hottest region which will be the first to ignite, it 
would not normally be located near the surface of the heap otherwise the heat will be lost 
quickly to ambient. It would not be at the central chimney region since the vapour 
condensation will keep this part full of moisture to restrain the temperature below 100 °C. 
It is likely to be at the region between the most outside layer and the central 'column'. 
Therefore, special precautions should be taken at this region of a coal stockpile (Ref. to a 
diagram produced by Stott as follows) 3. 
'" ,_ 
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bd 11 w sv rf ,H l - ·~ 
Figure 10.1 The Structure of the Spontaneous Combustion 
of a Stockpile 
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Appendix I 
Tabulated Data from the 2 - m Lone Column Tests 
1-- Benneyda,';l Coal (A) 
Time from Start: 27.8 hrs 
DISTANCE FROM OXYGEN )NI OXIDATION RATE I OXYGEN ABSORBED I 
AIR ENTRY !cml MOLE FRACTJO !ml/hr/k" of Coal) !ml/k" ofCoa1l 
7 20.3 
20.33 33.6 934.1 
33.66 19.4 
46.99 18.3 508.7 
60.33 18.9 
73.66 57.2 1590.2 
86.99 17.3 
100.33 31.2 867.4 
113.66 16.4 
126.99 23.8 661.6 
140.32 15.7 
153.66 16.8 467 
166.99 15.2 
180.32 10 278 
193.66 14.9 
FLOW RATE fmVmin at S.T.P.l: 735.6 
Time from Start· 50 8 hrs 
DISTANCE FROM OXYGEN rl OXIDATION RATE I OXYGEN ABSORBED I 
AIR ENTRY!cml MOLE FRACTION !ml/hr/k" ofCoa1l !ml/k" ofCoa1l 
7 20.5 
20.33 33.7 1708 
33.66 19.6 
46.99 40.1 1180.3 
60.33 18.5 
73.66 42.6 2737,9 
86.99 17.3 
100.33 27.7 1544.7 
113.66 16.5 
126.99 20.4 1169.9 
140.32 15.9 
153.66 23.5 930.5 
166.99 15.2 
180.32 16.5 579.3 
193.66 14.7 
FLOW RATE <mVmin atS.T.P.l: 735.6 
Time from Start: 79.5 hrs 
DISTANCE FROM OXYGEN rl OXIDATION RATE I OXYGEN ABSORBED I 
AIR ENTRY < cm l MOLE FRACTION (ml/hrfk.,. ofCoa1l (mlfk.,. ofCoaJl 
7 20.6 
20.33 39.7 2761.3 
33.66 19.6 
46.99 61.5 2638.3 
60.33 18 
73.66 40.9 3936.1 
86.99 16.9 
100.33 82.1 3120.3 
113.66 14.6 
126.99 20.7 1759,7 
140.32 14 
153.66 13.6 1462.9 
166.99 13.6 
180.32 3.4 860.6 
193.66 13.5 








































































42.5 3554.6 35.4 
19.3 46.1 
56.1 3773.1 51 
17.8 57 
61.2 4921.4 65.8 
16.1 64.8 
121.7 5087 59 
12.5 66.4 
57.2 2511.5 66.4 
10.7 66 
36.9 1950.2 65.6 
9.5 63.5 
18.1 1068 61.3 
8.9 54 
s. .P .. 762.9 
Time from Start: 121.5 hre 
DISTANCE FROM OXYGEN ,NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
ATR RN'T'RY!cml MOLR FRACTIO !ml/hr/k" ofCoall !ml/k" ofCoall !•Cl 
7 20.4 34 
20.33 40.4 4495.5 39.7 
'.-13.66 19.3 52.5 
<l6.99 111.6 5676.5 58.4 
60.33 16.1 66.4 
73.66 109.6 6859.9 76.7 
86.99 12.7 74.7 
100.33 75.3 7323 67.7 
113.66 10.2 77.6 
126.99 68.4 3937 79.2 
140.32 7.8 80.8 
153.66 57 3016 83.3 
166.99 5.7 84.2 
180.32 28.9 1601.5 85.7 
193.66 4.6 81 
FLOW RATE <ml/min atS.T.P.l: 725.6 
Time from Start· 169 5 hrs 
DISTANCE FROM OXYGEN rl OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY /cm) MOLE FRACTION /ml/hr/k.- of Coal) <ml!k.- of Coan l•C) 
7 20.7 38.3 
20 33 89.5 7613.1 44.5 
33.66 18.4 60.1 
46.99 178.2 12631.7 66.4 
60.33 13.4 54.5 
73.66 128.4 12571.9 89.7 
86.99 9.4 85.3 
100.33 103.4 11611.8 72.7 
113.66 5.9 81.8 
126.99 30.9 6320.2 82.3 
140.32 4.8 84.1 
153.66 22 4912 85.8 
166.99 4 86.6 
180.32 2.7 2359.9 87.7 
193.66 3.9 83.2 
FLOW RATE <ml/min atS.T .P.l: 777.2 
Ti f s me rom tart: 215 8 h re 
DISTANCE FROM OXYGEN rl OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY !cm l MOLE FRACTION (ml/hr/k.- of Coal) (ml/kl!' of Coal) (•C) 
7 19.8 43.8 
20.33 120.2 12467.6 51 
33.66 16.6 69.5 
46.99 287.5 23412.7 78.9 
60.33 7.8 87.9 
73.66 102.4 17915 100.3 
86.99 4.2 93.7 
100.'.-!3 19 14445.3 74.7 
113.66 3.5 84 
126.99 21.4 7531 84.2 
140.32 2.7 85.5 
153.66 69.7 7034.8 86.7 
166.99 0 87.5 
180.32 0 2422.4 88.3 
193.66 0 83.7 
FLOW RAT~: !ml/min atS T.P.l: 766.5 




102.6 15475.4 55 
16.4 79 
275.9 31018.6 88.6 
7.1 93.7 
85.1 20446.2 103 
3.8 95.1 
22.2 15001.5 97.6 
2.9 86.5 
68.8 8748.7 84.6 
0 85.9 
0 7975.8 87.1 
87.7 
0 2422.4 88.2 
'l'ime from Start: 266.5 hra 
DISTANCE FROM OXYGEN rl OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR EN'l'RY/cml MOLE FRACTION /ml/hr/ku ofCoall /ml/ku ofCoall /OC) 
7 19.5 47.5 
20.33 103.4 17916.5 56.2 
33.66 16.7 54.2 
46.99 318.5 38062.2 91.2 
60.33 6.7 95.5 
73.66 77.3 22370.6 103.1 
86.99 3.9 95.3 
100.33 23.9 15547.8 75.8 
113.66 3 84.9 
126.99 31.2 9933.7 85.1 
140.32 1.8 86.2 
153.66 45.4 8513.8 87.5 
166.99 0 88.3 
180.32 0 2422.4 88.6 
193.66 0 82.6 
FLOW RATE /ml/min at S.T.P.l: 752.5 
Time from Start· 344 5 hrs 
DISTANCE FROM OXYGEN .1 OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY I cm l MOLE FRACTION /ml/hr/ku ofCoall lml/ku of Coan /oCl 
7 18.3 53 
20.33 113.3 26367.8 64.3 
33.66 15.1 89.8 
46.99 282.8 61512.9 110.2 
60.33 5.9 107.1 
73.66 154 31391.3 108.4 
86.99 0 98.l 
100.33 0 16479.9 77.6 
113.66 0 86.5 
126.99 0 11150.5 86.6 
140.32 0 87.7 
153.66 0 10284.4 89.3 
166.99 0 89.8 
180.32 0 2422.4 90.2 
193.66 0 84.5 
FLOW RATE I ml/min atS.T.P.l: 735.6 
2 -- Benneydale Coal (B) 
Time from Start: 55 hra 
DISTANCE FROM OXYGEN ,I OXIDATION RATE I OXYGEN ABSORBED I 
AIR ENTRY /cml MOLE FRACTION /ml/hr/k11 ofCoall /mVk,,-ofCoall 
7 20.5 
20.33 18.36 1011.5 
33.66 20 
46,99 25.37 1395.4 
60.33 19.3 
73,66 21.4 1177 
86.99 18.7 
100.33 21.08 1159.4 
113.66 18.1 
126.99 10.43 573.7 
140.32 17.8 
153.66 10.35 569.3 
166.99 17.5 
180.32 10.28 565.44 
193.66 17.2 
FLOW RATE <ml/min atS.T.P.l: 724 
Time from Start· 97 hrs 
DISTANCE FROM OXYGEN )NI OXIDATION RATE I OXYGEN ABSORBED I 
AIR EN'l'RV /cm) IMOLE FRACTIO Cml/hr/k,,- ofCoall /mVk,,- ofCoall 
7 20.7 
20.33 18.5 1786.1 
33.66 20.2 
46.99 25.52 2464 
60.33 19.5 
73.66 32.17 2302 
86.99 18.6 
100.33 21.05 2044.1 
113.66 18 
126.99 17.31 1156.2 
lAl\32 17.5 
153.66 3.44 858.8 
166.99 17.4 
180.32 27.2 1352.5 
193.66 16.6 
FII1WRAn~<mVm;n atS.T .P.l: 726.5 
Time from Start- 122 hra 
DISTANCE FROM OXYGEN )NI OXIDATION RATE I OXYGEN ABSORBED I 
AIR ENTRY frnil MOI E FRACTIO /ml/hr/k,,- ofCoall /mVk,,- ofCoall 
7 20.5 
20.33 15.17 2207 
33.66 20.1 
46.99 29.88 3156.5 
60.33 19.3 
73.66 36.53 3160.7 
86.99 18.3 
100.33 25.05 2620.4 
113.66 17.6 
126.99 21.13 1636.7 
140.32 17 
153.66 17.38 1119.1 
166.99 16.5 
lR0.32 27.37 2034.6 
193.66 15.7 











































































33.24 4854.5 37.6 
18.8 41.2 
36.07 5113.7 48 
17.8 51.5 
72.97 5257.1 49.5 
15.7 55 
36.79 3194.7 57 
14.6 59.8 
35.85 2551 62 
64.5 
47.45 4047.3 66.4 
63.2 
1'i me from Start: 219.3 hrs 
DISTANCE FROM OXYGEN rl OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY/cml MOLE FRACTION /ml/hr/k2' ofCoall (ml/k" of Coan (•Cl 
7 20.5 24.5 
?.0.3~ 26.44 4288.2 28.6 
33.66 19.8 35.4 
46.99 33.33 6302.4 41.4 
60.33 18.9 45.4 
73.66 67.99 7377 54.5 
R6.99 17 57 
100.33 54.88 8037.9 63.1 
113.66 15.4 66.4 
126.99 62.54 5355.2 70 
140.32 13.5 72.9 
153.66 62.93 4699.4 76 
166.99 11.5 78.5 
180.32 57.2 6323.4 75.7 
193.66 9.6 76.2 
FLOW RATE /ml/min atS.T.P.l: 745.3 
Time from Start· 247 3 hrs 
DISTANCE FROM OXYGEN )NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY/cm) MOLE FRACTIO /ml/hr/k17ofCoall /mJ/k17ofCoall <•Cl 
7 20.5 24.3 
20.33 20.21 4941.3 28.9 
33.66 20 35.4 
46.99 47.49 7433.8 42.1 
60.33 18.8 47.1 
73.66 79.82 9446.3 56.1 
86.99 16.7 58.9 
100.33 65.28 9720.1 56.8 
113.66 14.9 64.9 
126.99 69.37 7201.9 67.4 
140,32 12.9 70.5 
153.66 63.01 6462.6 73.1 
166.99 11 76 
180.32 41.59 7706.5 78.2 
193.66 9.7 74.6 
FLOW RATE /ml/min atS.T.P.l: 795.5 
Time from Rtart: 267.1 hrs 
DISTANCE FROM OXYGEN ,I OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY/cml MOLE FRACTION /ml/hr/k2'ofCoall /ml/k2'ofCoall (•Cl 
7 20.3 24.3 
20.33 18.59 5325.4 28.4 
~3.66 19.8 34.9 
46.99 47.26 8371.9 42.1 
60.33 18.5 47 
73.66 76.63 10995.2 55.9 
86.99 16.3 60.2 
100.33 66.25 11022.2 58 
113.66 14.3 66.5 
126.99 63.23 8514.6 68.8 
140.32 12.3 71 
153.66 54.49 7625.9 73 
166.99 10.5 75.7 
180.32 32.23 8437.3 77.7 
193.66 9.4 73.9 
FLOW RATE /ml/min atS.T.P.l: 733.4 




46.56 10937.9 41.6 
18.6 47.6 
78.26 15231.4 58.2 
16.5 62.8 
84.75 15152.1 61.2 
14.1 70 
76.89 12346.9 71.9 
11.8 72.5 
44.87 10343.4 73.9 
76.3 
21.91 9918 77.7 
72. 
780. 
Time from Start: 36<l.5 hre 
DISTANCE FROM OXYGEN rl OXIDATION RATE J OXYGEN ABSORBED J TEMPERATURE 
AIR ENTRY (cm l MOLE FRACTION !ml/hr/kl!' ofCoall !ml/k" ofCoall !•Cl 
7 20.1 25.2 
?.0.3~ 16.11 7028.6 29.1 
~3.66 19.7 35.2 
4699 47.38 13178.3 42.1 
60.33 18.5 48 
73.66 90.69 19260.9 59.3 
86.99 16.1 64.5 
100.33 82.17 19133.1 62.9 
113.66 13.8 71.8 
126.99 74.6 15960 73.5 
140.32 11.6 73.5 
153.66 42.36 12423.8 74.5 
166.99 10.3 74.5 
180.32 19.14 10897.1 78.1 
193.66 9.7 73.2 






47.73 16806.8 42.1 
19 48.7 
88 26077.9 60.3 
16.6 65.6 
89.55 25684.3 63.1 
14.2 72 
64.91 21282.3 73.2 
12.3 72.2 
39.57 15549.4 74 
11.1 76.3 
19.39 12367 77.8 
10.5 74.3 




11.71 8915.1 30.3 
20.1 35.7 
45.99 19979.2 41.9 
18.9 47.3 
88.02 32036.2 59.1 
16.5 64.4 
72.97 31185.6 62.3 
14.4 70.5 
56.5 25392 71.4 
12.7 70.6 
35.4 18087.2 72 
11.6 74.1 
25.2 13876.3 76.3 
73.3 
767.5 
2 -- Bcnneydale Coal (B) 
25.2 
11.58 9576.5 29.1 
20 34.2 
34.22 22257.2 40.2 
19.1 46.2 
73.38 36619.9 57.5 
17.1 61.9 
59.65 34952 58.8 
15.4 66.9 
47.35 28341.3 67.9 
14 67.5 
32.89 20026.6 68.9 
70.8 
19.37 15142.1 73.1 
0. 
759.5 
Time from Start.: llR5.3 hr• 
DISTANCE FROM OXYGEN rl OXJDATION RATE J OXYGEN ABSORBED J TEMPERATURE 
AIRENTRYrcml MOLE FRACTION (ml/hr/k" ofCoall lmVk" ofCoall (•Cl 
7 20.3 22.8 
20.33 8.14 10710.4 25.7 
33.66 20.1 30.1 
46.99 32.17 26074.6 35.4 
60.33 19.3 42.8 
73.66 66.28 44650.4 53.9 
86.99 17.6 59.9 
100.33 37.73 40551.3 57.2 
113.66 16.6 61.8 
126.99 44.09 33599.1 62 
140.32 15.4 62.9 
153.66 32.26 23772.7 63.7 
166.99 14.5 65.2 
180.32 24.63 17672.1 67.8 
193.66 13.8 65.2 
FLOW RATE (ml/min atS.T.P.l: 800.2 
3 -- Ferndale Coal 
'rime From Start: 10 hrs 
DISTANCE FROM OXYGEN rl OXJDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY (cm\ MOLE FRACTION (ml/hr/k!! of Coal) (ml/k!! ofCoall (OC) 
7 20.3 11.5 
?.0.:l3 18.6 128.01 1280.1 11.8 
.,., 6fi 16.8 12.3 
46,!l9 15.1 117.7 1177 12.3 
60.3 13.3 12 
73.66 10.4 163.91 1639.1 11.8 
Rfi,99 7.41 11.6 
100,:l:l 5.11 114.2 1142 11.5 
113.66 2.81 11.5 
126.99 2.1 33.33 333.3 11.5 
140.32 1.38 11.5 
lfi:l.66 0.69 31.26 312.6 11.8 
166,!l!l 0 12.3 
180.32 0 0 0 12.8 
193.66 0 13.5 
FLOW RATE <mVmin atS.T.P.l 610 
Time from Start: 15 hrs 
DISTANCE FROM OXYGEN rl OXJDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY (cm l MOLE FRACTION (ml/hr/kl! of Coan <ml/kl! of Coan (OC) 
7 20.6 16.3 
20.:!3 19.2 102.05 1855.3 17.4 
33.66 17.6 17.8 
46.99 16.2 88.76 1693.2 17.8 
60.3 14.8 17.3 
73.66 12.9 111.53 2327.7 16.3 
86.99 11 15.3 
100.33 8.92 111.67 1706.7 14.3 
113.66 6.84 13.8 
126.99 6.43 20.84 468.7 13.3 
140.32 6.02 13.3 
153.66 4.48 75.39 579.2 13.3 
16699 2.93 13.5 
180.32 2.36 26.61 66.5 13.9 
193.66 1.79 15.3 
FLOWRATE<mVmin atSTP.l 610 
Time from Start· 20hrs 
DISTANCE FROM OXYGEN ,NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR EN'l'RY <cm\ MOLE FRACTIO <ml/hr/k" of Coal\ fml/k" of Coal\ <'C\ 
7 20.7 16.8 
20.33 19.5 88.48 2331.6 18.4 
33.66 18.2 18.5 
46.99 17 79.99 2115 18.8 
60.3 15.8 18.4 
73.66 14.2 102.83 2863.6 17.3 
86.99 12.5 16.3 
100.33 11.01 86.41 2201.9 15.4 
113.66 9.52 14.8 
126.99 8.1 77.48 714.5 14.4 
140.32 6.67 14.3 
153.66 5.94 37.89 862.4 14.1 
166.99 5.21 14.9 
180.32 4.48 36.98 225.5 15.4 
193.66 3.74 15.8 
FTDW JH,'J'E (ml/min atS.T.P.l 630 
Time from Start· 25 25 hrs 
DISTANCE FROM OXYGEN )NI OXJDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY/cm\ MOLE FRACTIO <ml/hrfk,,. of Coal\ <mJ/k.,.nfCoal\ (°C\ 
7 20.8 18.4 
20.33 19.5 73.03 2755.6 19.4 
33.66 18.2 20.2 
46,!l9 16.85 71.08 2511.6 20.9 
60.3 15.5 20.7 
73.66 14 73.83 3327.3 19.2 
86.99 12S 18 
100.33 11 70.27 2613.2 17.2 
113.66 9.44 16.5 
126.99 8.14 56.08 1065.1 15.9 
140.32 6.84 15.7 
153.66 5.86 40.25 1067.5 15.3 
166.99 4.88 15.3 
180.32 4.4 19.31 373.3 15.9 
193.66 3.91 16.6 
FII1W RATE 1mumin atS.T.P.l 500 
3 -- Ferndale Coal 
7 rs 
OXYGEN OXJDATION RATE OXYGEN ABSORBED TEMPERATURE 
MOLE FRACTION ml/hr/k of Coa I ml/k ofCoal DC 
20.3 20 
19.1 67.08 3070.8 22.1 
17.8 22.1 
16.7 58.21 2802.5 22.1 
15.5 21.6 
14 71.33 3653.9 20 
12.5 19 
11.1 60.79 2908 18 
9.77 17.2 
8.35 59.65 1325.5 16.6 
6.92 16.5 
6.19 29.36 1224.2 16.3 
5.45 16.6 
4.22 47.15 522.8 18.5 
2.99 20.5 
0 
Time from Start· 36 1 hrs 
DISTANCE FROM OXYGEN rl OXJDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR F!N'l'RYfcml MOLE FRACTION !ml/hr/k"' ofCoall !ml/kP' ofCoall (DC ) 
7 20.5 21.9 
20.33 19.1 76.01 3525.1 23.8 
33.66 17.6 24.4 
46.99 16.3 63.74 3189.7 24.8 
60.3 15 24.3 
73.66 13.9 53.22 4049.4 22.4 
86.99 12.7 21.1 
100.33 11.3 60.49 3293.1 20.1 
113.66 9.93 19.3 
126.99 8.47 60.06 1705.6 18.8 
140.32 7 18.4 
153.66 6.27 28.73 1408.6 18.4 
166.99 5.53 19 
180.32 4.8 27.66 760.3 21.7 
193.66 4.07 23.8 
FLOW RATE (ml/min at S.T.P. l 470 
Time from Start· 47 8 hrs 
DISTANCE FROM OXYGEN rl OXJDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY (cm\ MOLE FRACTION <ml/hr/ke: of Coal\ (ml/k"' of Coal\ (DC\ 
7 20.5 26.1 
20.33 18.9 82.68 4453.2 27.5 
33.66 17.3 30.6 
46.99 16 62.61 3928.8 28.6 
60.3 14.7 27.2 
73.66 13.6 50.07 4653.6 25.2 
86.99 12.5 23.6 
100.33 11.4 47.61 3925.5 22.5 
113.66 10.3 21.7 
126.99 8.98 54.34 2374.8 20.9 
140.32 7.65 20.8 
153.66 6.68 38.04 1799.2 20.8 
166.99 5.7 21.6 
180.32 4.89 30.61 1101.2 25 
193.66 4.07 27.7 
FIDWRATE(ml/min atS.T.P.l 465 
Ti fro s me ,m tart: 546 h TB 
DISTANCE FROM OXYGEN INI OXJDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIRENTRY!cml MOLE FRACTIO !ml/hr/k"' of Coal\ !ml/k"' ofCoall (DC) 
7 20.5 28.2 
20.33 18.95 80.19 5006.8 30.1 
33 66 17.4 31.6 
46.99 16.2 60.42 4347.1 30.6 
60.3 14.9 29.1 
73.66 13.8 50.3 4994.9 27 
86.99 12.7 25.3 
100.3~ 11.4 56.28 4278.7 24.3 
113.66 10.1 23.4 
126.99 8.96 46.94 2719.2 22.8 
140.32 7.81 22.9 
153.66 7.24 22.51 2005.1 23.3 
166.99 6.67 25 
180.32 5.3 52.28 1383 30.8 
193.66 3.91 35.9 
FLOW RATE <ml/min at S.T.P. l 465 
3 -- Ferndale Coal 
OXYGEN OXlDATION RATE OXYGEN ABSORBED TEMPERATURE 
MOLE FRACTION ml/hr/k of Coal m1/k ofCoal oc 
20.5 34.3 
18.8 95.92 6488.1 38.6 
17 38.3 
15.9 58.74 5349.9 36.4 
14.7 34.3 
11.9 130.16 6513.5 31.6 
9.12 29.9 
8.6 23.8 4952.6 28.9 
8.02 27.7 
7.76 11.26 3208.9 27.2 
7.49 27.9 
6.16 30.57 2451.7 29.1 
6.02 32.2 
4.56 58.17 2312.5 40.9 
3.09 51.2 
495 
Time from Start· 77 hrs 
DISTANCE FROM OXYGEN I OXlDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY /cm) MOT .R FRACTION /ml/hr/k" of Coal) /m1/ki7 of Coal) /OC) 
7 20.3 36.8 
20.33 18.8 86.02 6995.4 40.3 
33.66 17.2 39.1 
46.99 16.3 49.61 5651.6 38 
60.3 15.3 35.6 
73.66 14.2 57.15 7035.1 32.8 
86.99 13 30.7 
100.33 12 49.61 5157 29.5 
113.66 10.9 29 
126.99 9.9 47.54 3372.7 28 
140.32 8.79 29.5 
153.66 7.73 45.6 2663.9 31.7 
166.99 6.67 35.6 
180.32 5.53 46.79 2604.8 44.5 
193.66 4.39 52.1 
FLOW RATE <ml/min. at S.T.P.) 500 
Time from Start· 80 hrs 
DISTANCE FROM OXYGEN I OXlDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIRENTRY/cml MOLE FRACTION /ml/hr/k" of Coal\ /ml/k" of Coan (0C) 
7 20.6 48.6 
20.33 19 91.68 7262 50.9 
33.66 17.3 49.8 
46.99 15.8 79.7 5845.6 46.2 
60.3 14.2 42.7 
73.66 12.7 74.14 7232.1 39.1 
86.99 11.1 37 
100.33 9.4 76.66 5346.4 36.3 
113.66 7.65 36.4 
126.99 6.68 40.85 3505.3 36.4 
140.32 5.7 39.7 
153.66 4.56 45.67 2800.8 42.9 
166.99 3.42 47.4 
180 32 1.71 64.6 2771.9 49.8 
193.66 0 50.9 
Fl DW RAT~: Cm I/min at S T .P.) 500 
Ti fro s me ,m tart: 104 h rs 
DISTANCE FROM OXYGEN I OXlDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY /cm) MOLE FRACTION /ml/hr/k" of Coal\ /ml/k" of Coal\ /OC) 
7 19.9 58.7 
20.33 16.5 176.19 10476.4 61.9 
33.66 13.1 59.8 
46.99 10.7 108.64 8105.7 55.3 
60.3 8.3 50.9 
73.66 6.29 82.8 9115.3 46.8 
86.99 4.27 45.3 
100.33 3.38 34.39 6679 45.2 
113.66 2.49 45.6 
126.99 1.51 36.45 4432.9 45.6 
140.32 0.53 47.1 
153.66 0.27 9.61 3464.1 47.7 
166.99 0 47.8 
180.32 0 0 3547.1 46.8 
193.66 0 45.8 
FLOW RATE /ml/min atS.T.P.) 490 
3 -- Ferndale Coal 
ra 
OXYGEN OXIDATION RATE OXYGEN ABSORBED TEMPERATURE 
MOLE FRACTION ml/hr/k of Coal ml/k ofCoal •c 
19.5 64.1 
15.4 199.66 13671.1 68.7 
11.3 68.3 
8.36 122.05 10066.5 63.8 
5.41 58.1 
3.51 70.99 10422.6 52.9 
1.61 50.3 
0.81 28.45 7213.2 49.4 
0 49.2 
0 0 4742.7 48 
0 49.2 
0 0 3545.8 48.8 
0 48 
0 0 3547.1 47.1 
0 45.6 
Time from Start· 128 hrs 
DISTANCE FROM OXYGEN )NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY /cm\ MOLE FRACTIO /ml/hr/k" of Coal\ /ml/k" of Coal\ <•C\ 
7 19 65.5 
20.33 14.7 202.88 15080 71.5 
33.66 10.4 71.7 
46.99 7.55 114.48 10894.4 67.5 
60.3 4.69 61.4 
73.66 2.77 69.57 10914.6 55.4 
86.99 0.85 52.7 
100.33 0.43 14.68 7364.2 50.9 
113.66 0 49.8 
126.99 0 0 4742.7 48.8 
140.32 0 49.2 
153.66 0 0 3545.8 48.8 
166.99 0 48 
180.32 0 0 3547.1 47.4 
193.66 0 45.6 
F'LOWRATF./mVm;n atS.T.P\ 460 
Time from Start· 148 5 hra 
DISTANCE FROM OXYGEN ,I OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR F.NTRY/cm\ MOLE FRACTION /ml/hrfk,,. of Coal\ /ml/k.,. of Coal\ (•C\ 
7 19.2 48.2 
20.33 15.4 209.9 19311 56.4 
33.66 11.5 60.4 
46.99 8.2 153.07 13636.7 61.5 
60.3 4.89 59.2 
73.66 2.6 94.35 12594.7 51.2 
86.99 0.3 46.5 
100.33 0.15 5.87 7574.8 43.5 
113.66 0 40.8 
126.99 0 0 4742.7 40.6 
140.32 0 39.4 
153.66 0 0 3545.8 38.2 
166.99 0 38.2 
180.32 0 0 3547.1 36.4 
193.66 0 35.2 
~-1 nw RATE /mVmin at S.T P) 525 
Time from Start: 152.5 hra 
DISTANCE FROM OXYGEN ,, OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY !cm\ MOLE FRACTION /ml/hr/k.,. of Coal\ (ml/kl' of Coal\ (•C\ 
7 19.5 65.8 
20,33 15.4 212.4 20155.6 71.8 
33,66 11.3 73.2 
,t,C: 99 8.38 129.01 14200.9 70.6 
60.3 5.45 65.8 
73,66 3.12 91.88 12967.2 58,7 
86.99 0.79 54.4 
100.33 0 14.73 7616 50.9 
113.66 0 48.6 
126.99 0 0 4742.7 46.9 
140.32 0 46.9 
153.66 0 0 3545.8 46.2 
166,99 0 45,3 
180.32 0 0 3547.1 44.5 
193.66 0 42.7 
FLOW RATE !mVmin atS.T.P.\ 500 
3 -· Ferndale Coal 
OXYGEN OXIDATION RATE OXYGEN ABSORBED TEMPERATURE 
MOLE FRACTION ml/hr/k of Coal ml/k of Coal •c 
19.4 68.7 
15.4 197.22 20872.4 77.6 
11.3 77.6 
8.28 125.31 14646 82 
5.25 71.5 
3.1 79.76 13267.6 63 
0.95 57.3 
0.48 16.7 7671 53.2 
0 50.6 
0 0 4742.7 48.6 
0 48.4 
0 0 3545.8 47.4 
0 46.8 





14.9 207.48 23992.7 79.8 
10.7 80.9 
8.04 112.35 16478.3 81.5 
5.38 82 
3.51 71.71 14435.4 81.5 
1.64 76.7 
0.82 29.75 8029.1 66.7 
0 55.8 
0 0 4742.7 49.5 
0 49.2 
0 0 3545.8 48.4 
0 48 
0 0 3547.1 47.4 
0 46.8 
in atS.T.P. 480 
182 hrs 
OXYGEN TEMPERATURE 
MOLE FRACTIO •c 
19 68.1 
14.7 207.24 26186.5 79.3 
10.3 80 
7.53 112.24 17666.4 80.5 
4.76 81.3 
3.04 63.53 15150.8 81 
1.31 81.5 
0.66 22.97 8308 81.5 
0 80 
0 0 4742.7 73.3 
0 63.8 
0 0 3545.8 54.4 
0 49.1 
0 0 3547.1 47.4 
46.2 
F OW 480 
Time from Start· 187 hrs 
DISTANCE FROM OXYGEN >NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY/cml MOLE FRACTIO /ml/hrfk,,. of Coal\ t~llk,,. of Coal\ /°Cl 
7 19 66.1 
20.33 14.5 184.91 27166.9 77.2 
3R66 9.94 78.7 
46.99 7.04 100.19 18197.5 79.6 
60~ 4.13 80.2 
73.66 2.72 44.37 15420.6 80.2 
86.99 1.31 80.9 
10/l 33 0.66 19.76 8414.8 80.9 
113 66 0 80.9 
126.99 0 0 4742.7 77.4 
140.32 0 69.8 
153.66 0 0 3545.8 59.6 
166 99 0 52 
180.3?. 0 0 3547.1 47.7 
193.66 0 45.6 
FLOW RATE (mVmin at S.T.P.l 285 
3 -- Ferndale Coal 
OXYGEN OXIDATION RATE OXYGEN ABSORBED TEMPERATURE 
MOLE FRACTION ml/hr/k of Coal ml/k of Coal •c 
17.9 68.7 
12.3 156.84 28277.6 77.6 
6.73 79.9 
4.02 63.31 18728.9 80.5 
1.31 81.3 
0.66 14.27 15611.2 81.2 
0 81.8 
0 0 8479.1 82 
0 82 
0 0 4742.7 84.2 
0 82 
0 0 3545.8 79.6 
0 74.8 
0 0 3547.1 64.1 
0 55.2 
285 
Time from Start· 199 hrs 
DISTANCE FROM OXYGEN >NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR F.N'l'RY I"""\ IMO! E FRACTIO lml/hr/k,,. of Coal\ /ml/k,,. nfCoRJ\ i•C\ 
7 19.1 64.1 
20.33 14.8 211.94 29291.7 75.9 
33.66 10.5 78.6 
46.99 7.75 115.62 19220.9 79.2 
60.3 4.99 80.4 
73.66 3.78 46.84 15779.2 80.4 
86.99 2.56 80.6 
100.33 1.53 38.06 8583.7 80.9 
113.66 0.5 80.9 
126.99 0.25 8.82 4767 84.2 
140.3?. 0 80.9 
153.66 0 0 3545.8 80.7 
166.99 0 79.8 
180.32 0 0 3547.1 75.6 
193.66 0 86.2 
FT.OW RAT~: /ml/m;n at.S.'T'.P.\ 285 
Time from Start· 219 hrs 
DISTANCE FROM OXYGEN )NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR EN'l'RYlcm\ MOLE FRACTIO lml/hr/k"" of Coal\ lmlfk,,. of Coal\ i•C\ 
7 19.3 60.2 
20.33 15.4 194.4 33355.1 73.1 
33.66 11.5 77.1 
46.99 8.43 130.68 21683.9 77.3 
60.3 5.35 79.1 
73.66 4.12 47.64 16724 79.1 
86.99 2.89 79.3 
100.33 1.78 41.15 9375.8 79.8 
113.66 0,66 79.8 
126 99 0.33 11.83 4973.5 85.3 
140.32 0 80.4 
153.66 0 0 3545.8 79.8 
166.99 0 79.9 
180.32 0 0 3547.1 80.8 
193.66 0 80.4 
FLOWRA.1'E /ml/min atS.T .P.\ 480 
Time from Start· 231 hrs 
DISTANCE FROM OXYGEN )NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY I cm\ MOLE FRACTIO lml/hr/k"" of Coal\ lml/k"" of Coal\ i•C\ 
7 19.5 60.2 
20.33 15.8 170.21 35542.8 73.2 
~3.fi6 12.1 77.3 
46 99 8.66 134.41 23274.5 78.4 
60.3 5.22 79.8 
73.66 3.48 60.82 17374.8 79.8 
86.99 1.74 79.9 
100.33 1.09 21.79 9753.5 80.5 
113.66 0.43 80.5 
126.99 0.22 7.03 5086.6 87.1 
140.32 0 80.9 
153.66 0 0 3545.8 80.4 
166.99 0 80.4 
180.32 0 0 3547.1 80.9 
193.66 0 80.9 
FLOW RATE lml/min atS.T.P.l 440 
3 -- Ferndale Coal 
8 
OXYGEN OXIDATION RATE OXYGEN ABSORBED TEMPERATURE 
MOLE FRACTION ml/hr/k of Coa I ml/k ofCoal oc 
19.6 68.4 
16.1 134.23 37065 71.5 
12.6 75.4 
9.06 117.5 24534 76.5 
5.61 78.2 
3.71 53.3 17945.4 78.2 
1.9 78.2 
1.38 lii.73 9936.1 78.2 
0.853 78.7 
0.43 11.78 5180.7 86.1 
0 79.3 
0 0 3545.8 78.7 
0 78.9 
0 0 3547.1 79.5 
0 79.3 
370 
4 -· Huntly East Coal (A) 
Time frnm "'",....: 0 hr 
DISTANCE FROM OXYGEN I OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
















FLOW RATE (ml/min at S.T.P.): '-
' 
Time from Start· 28 hrs 
DISTANCE FROM OXYGEN rl OXlDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY/cm\ MOLE FRACTION (ml/hr/kl" of Coal) (ml/kl! of Coal) !•C\ 
7 20.67 25.9 
20.33 68.9 1929.2 28.4 
33.66 18.8 30.1 
46.99 93.4 2615.2 31.7 
60.33 16.12 31.4 
73.66 62 1736 30.8 
86.99 14.24 30.1 
100.33 48.8 1366.4 28.8 
113.66 12.7 28.8 
126.99 27.8 778.4 28.8 
140.32 11.8 29.4 
153.66 32 896 29.7 
166.99 10.74 29.7 
180.32 19.2 537.6 29.4 
193.66 10.09 28.4 
FLOW 'RA'l'E (ml/min atSTP.l: 651.3 
Time from Start· 49hrs 
DISTANCE FROM OXYGEN rl OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY/cm\ MOLE FRACTION /ml/hr/k" of Coal) /ml/k" ofCoaJl (•C) 
7 20.19 28.2 
20.33 55.5 3235.4 31.6 
33.66 18.72 33 
46.99 93.3 4575.6 37.3 
60.33 16.12 37.4 
73.66 55.6 2970.8 37.3 
86.99 14.49 35.9 
100.33 56.1 2467.9 33.5 
113.66 12.78 33.7 
126.99 31.2 1397.9 33.3 
140.32 11.8 34.1 
153.66 22.8 1471.4 34.6 
166.99 11.07 34.6 
180.32 17.5 923 33.7 
193.66 10.5 31.7 
~- flWRAT~;/ml/min atS.T.Pl: 667.4 
Time from Start· 73 3 hrs 
DISTANCE FROM OXYGEN rl OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY /cm) MOLE FRACTION <ml/hr/k.,. ofCoaJl <mJfk.,. of Coal) <•Cl 
7 20.32 31.2 
20.33 72.3 4788.2 35.3 
33.66 18.4 38.1 
46,!l9 73.2 6598.5 43.8 
60.33 16.36 45.2 
73.66 61.4 4392.4 46.4 
86.99 14.57 44.5 
100.33 40.4 3640.3 40.9 
113 66 13.35 42.1 
126.99 26.5 2099 40.7 
140 32 12.53 40.9 
153.66 58.6 2460.4 41.3 
166.99 10.66 40.9 
180.32 27 1463.6 39.7 
193.66 9.77 36.6 
FLOWRATE/ml/min at.S.T.P.\: 669 
4 -- Huntly East Coal (A) 
rs 
OXYGEN OXIDATION RATE OXYGEN ABSORBED TEMPERATURE 
MOLE FRACTION ml/hr/k of Coal mVk ofCoal •c 
20.61 35.3 
84.4 7115.2 41.2 
17.91 48.5 
94.8 9093.3 53.9 
14.65 56 
94 6700 57.9 
11.15 58 
55.4 5063 52.7 
8.95 53.9 
19.7 2785 51.7 
8.14 51.5 
9.9 3477.6 51.5 
7.73 50.3 
5.5 1946.3 48 
7.5 43.3 
atS.T.P .. 558.4 
'Nme from S••--+• 127.5 hrs 
DISTANCE FROM OXYGEN rl OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY ! cm l MOLE FRACTION !ml/hr/k"' of Coal\ !mVk"' of Coal\ !•Cl 
7 20.73 38.2 
20.33 98.8 9359.4 45.4 
33.66 18.31 55.7 
46.99 167.9 12311.4 62.6 
60.33 13.84 65.4 
73.66 141 9578.8 71.1 
86.99 9.69 70.4 
100.3~ 64.6 6533 64.1 
113.66 7.65 67.5 
126,99 27.3 3360.8 64.6 
140.32 6.76 63 
153.66 5.2 3662.6 59.6 
166.99 6.59 56.1 
180.32 5.7 2083.5 50 
193.66 6.4 49.4 
Fl .OW RATE (ml/min atST.P.l: 725.6 
'Nme from Start· 150 7 hrs 
DISTANCE FROM OXYGEN rl OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR EN'l'RY !cm\ MOLE FRACTION <ml/hrfk.,. ofCoall !mVJc.,. ofCoall <•Cl 
7 20.69 41.9 
20.33 116.2 11853.4 49.4 
33.66 17.52 60.3 
46.99 147.8 15973.5 69.8 
60.33 13.1 73.7 
73.66 139.8 12836.l 79.8 
86.99 8.46 78.9 
100.33 47.7 7835.6 73.2 
113.66 6.76 80.4 
126.99 48.7 4242.4 77.6 
140.32 4.96 80.4 
153.66 27.6 4043.l 79.4 
166.99 3.91 76.7 
180.32 20.9 2392 71.8 
193.66 3.1 62.6 
FLOW RATE (ml/min atS.T.P.l: 657.8 
'Nme from Start· 175 7 hrs 
DISTANCE FROM OXYGEN ,NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
ATRENTRY!cml MOLE FRACTIO !ml/hr/kl!' of Coal\ (ml/h of Coal\ (•C\ 
7 20.32 45.9 
20.33 153.4 15223.4 55.2 
33.66 15.14 61.9 
46.99 168.2 19923.5 77.7 
60.33 8.63 81 
73.66 119.1 16072.3 86.5 
86.99 3.38 83.2 
100.33 13.9 8605.6 76.1 
113.66 2.73 83.8 
126.99 13.2 5016.1 81.5 
140.32 2.1 86.4 
153.66 12.5 4544.3 41.9 
166.99 1.5 88.3 
180.32 4.1 2704.5 44.3 
193.66 1.3 85,3 
Fl nw RAn; !ml/min at S.T.P.l: 547 
4 -· Huntly East Coal (A) 
rs 
OXYGEN OXIDATION RATE OXYGEN ABSORBED TEMPERATURE 
MOLE FRACTION ml/hr/k of Coa 1 ml/k ofCoal ·c 
20.44 49.2 
204.6 18141.1 59.6 
14.81 66 
233.7 23199 83.2 
7.32 85.9 
114 17972.1 90.9 
3.17 86.7 
25.2 8924.3 77.9 
2.2 85.4 
23 5311.2 83.2 
1.3 87.5 
20.l 4810 88.2 
0.5 88.6 
12.4 2839 89.7 
86.9 
673.8 
'l'ime fmm Start: 219.3 hrs 
DISTANCE FROM OXYGEN rl OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY!cml MOLE FRACTION !ml/hr/k" ofCoall !ml/k" ofCoall (•C) 
7 20.44 53.2 
20.33 260.3 24487 65.3 
33.66 13.43 76.5 
46.99 288.2 30322.9 89.3 
60.33 4.07 90.9 
73.66 102.3 20924.6 95.2 
86.99 0.24 90.3 
100.33 6.2 9352.9 80.3 
113.66 0 87 
126.99 0 5625.1 84.3 
140.32 0 88.8 
153.66 0 5084.4 89.3 
166.99 0 89.5 
180.32 0 3008.2 90.3 
193.66 0 80.8 
FLOW RATE /ml/min atS.T.P.l: 699.5 
Time from Start· 336 hrs 
DISTANCE FROM OXYGEN rl OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
















FLOW IH,'l'E !mVmin atS.T.P.l, 












FLOW RAT atS.T.P.: 
Time from Start· 36 hrs 
DISTANCE FROM OXYGEN rl OXIDATION RATE I OXYGEN ABSORBED I 
AIR EN'l'RY(cm\ MOLE FRACTION <mllhr/k,,. of Coal\ (ml/kl" of Coal\ 
7 20.8 
20.33 77 2772 
33.66 18.72 
46.99 77.2 2779.2 
60.33 16.52 
73.66 61.2 2203.2 
86.99 14.69 
100.33 53.6 1929.6 
113.66 13.02 
126.99 8.8 316.8 
140.32 12.74 
153.66 36.4 1310.4 
166.99 11.56 
180.32 17.2 619.2 
193.66 10.99 
FLOW RATE (ml/min atS.T.P.\: 704.4 
Time from Start· 60 hrs 
DISTANCE FROM OXYGEN rl OXIDATION RATE I OXYGEN ABSORBED I 
AIR EN'l'RY <cm\ MOLE FRACTION <ml/hrfk,,. of Coal\ <mlfk,,. of Coal\ 
7 20.85 
20.33 62.9 4450.8 
33.66 19.21 
46.99 24.2 3996 
60.33 18.56 
73.66 76.4 3854.4 
86.99 16.44 
100.33 69.6 3408 
113.66 14.41 
126.99 48.4 1003.2 
140.32 12.94 
153.66 13.2 1905.6 
166.99 12.53 
180.32 10.2 948 
193.66 12.21 
FLOW RATE fml/min atS.T.P.\: 725.6 
Time from Start· 84 hrs 
DISTANCE FROM OXYGEN rl OXIDATION RATE I OXYGEN ABSORBED I 
AIR ENTRY (cm\ MOLE FRACTION (ml/hrfk,,. of Coal\ (ml/kl" ofCoa1l 
7 20.84 
20.33 53.5 5847.6 
33.66 19.37 
46.99 14.6 4461.6 
60.33 18.96 
73.66 78 5707.2 
86.99 16.69 
100.33 71.7 5103.6 
113.66 14.49 
126.99 39.4 2056.8 
140.32 13.23 
153.66 10.1 2185.2 
166.99 12.9 
180.32 9.8 1188 
193.66 12.58 











































































92 8235.2 48.1 
16.12 49.2 
84 11442 53 
13.43 50.5 
48.4 9355.1 44.2 
11.8 46.8 
26.8 4400.3 44.7 
10.87 44.7 
8.3 2836.6 44.1 
10.58 43.3 
6.8 1775.6 41.6 
37 7 
667.4 
Time from Start· 178 3 hrs 
DISTANCE FROM OXYGEN )NI OXlDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR RN'l'RY !cml MOLE FRACTIO !ml/hr/k"' of Coon !ml/k"' ofCoall (•Cl 
7 20.67 37.8 
20.33 94 11417.2 44.9 
33.66 17.5 52.7 
46.99 116.8 10690.7 58.4 
6033 13.19 60.8 
73.66 82.9 13404.8 68.2 
86.99 9.85 65.7 
100.33 62.4 10658.2 57.3 
113.66 7.16 61.9 
126 99 19.9 4949.5 59 
140.32 6.27 57 
153.66 21.4 3185.8 55.2 
166.99 5.29 53.8 
180 32 15.5 2037.9 51.2 
193.66 4.57 45.6 
F' nw RATE !mVmin at S.T.P.\: 573.2 
Time from Start: 227 hrs 
DISTANCE FROM OXYGEN 1NI OXlDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY/cm) MOLE FRACTIO !ml/hrfk.,. ofCooll !ml/k"" of Coal) <•Cl 
7 20.76 42.3 
20.33 141.1 17144.2 51.2 
:13.66 16.85 61.3 
46.99 146.2 17097.4 68.2 
60.33 12.37 71.8 
73.66 145.4 18966.1 82 
86.99 7.41 78.2 
100.33 102 14662.9 69.8 
113.66 3.58 79.8 
126.99 39.01 6384.5 78.9 
140.32 2.03 76.7 
153.66 1.99 3755.6 73.4 
166.99 1.95 70 
180.32 17.4 2839.3 65.7 
193.66 1.24 58 
FLOW RATE rmVmin atS.T.P.l: 702.77 
Time from Start: 2A'l 6hrs 
DISTANCE FROM OXYGEN -I OXlDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AlR ENTRY !cml MOLE FRACTION !ml/hr/k"' ofCooll !ml/k"' of Coal) <•Cl 
7 20.14 50.3 
20.33 133.1 19414.6 61.4 
33.66 16.36 74.5 
46.99 289.6 20705.8 82.3 
60.33 6.76 84.5 
73.66 141.5 21341.7 94.1 
86.99 1.22 88.4 
100.33 29.1 15748.4 73.4 
113.66 0 84.9 
126.99 0 6707.5 85.3 
14-0.32 0 86.6 
153.66 0 3772.1 87.6 
166.99 0 88.5 
180.32 0 2983.4 89.3 
193.66 0 85.9 














in atS.T.P. 699.5 
Time from Start· 324 hrs 
DISTANCE FROM OXYGEN rl OXIDATION RATE I OXYGEN ABSORBED I 
























































20.56 19.24 973.5 23.8 
20.35 25 
20.09 24.58 1243.7 27.7 
19.82 25.3 
19.6 20.61 1042.9 26.5 
19.37 30.1 
19.29 7.27 367.9 28.9 
19.21 26.5 
19.09 11.31 572.3 25.3 
18.96 25.3 
18.84 10.79 546 25.3 
18.72 26.5 
18.71 0.9 45.5 24 
18.7 19.3 
atS.T . . : 749.12 
Time from Start· 83 6 hril 
DISTANCE FROM OXYGEN )NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR F.N'l'RY fcml MOT .I<' FRACTTO fml/hr/k"' nfCoa)) fml/k"' ofCoall r•Cl 
7 20.67 22.8 
20.33 20.31 22.66 1664.8 25.3 
33.66 19.94 27.2 
46.99 19.82 7.36 1770.7 28.9 
60.33 19.7 29 .4 
73.66 18.77 55.87 2304.8 32.8 
86.99 17.83 35 
100.33 17.42 23.7 878.9 42.1 
113.66 17.01 33.7 
126.99 16.85 9.12 909.4 31.1 
140.32 16.69 29.6 
153.66 16.36 18.59 1030.8 29.4 
166.99 16.03 28.9 
180.32 16.02 0.84 74.2 28.2 
193.6f; 16 26.5 
FLOW RA1'1• fml/min AtS'l'.P.\: 498.1 
Time from Start· 97 43 hrs 
DISTANCE FROM OXYGEN )NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR F.N'l'RYfcm\ MOLE FRACTIO (ml/hr/k!! ofCoall /ml/k!! ofCoall /°Cl 
7 20.55 24.1 
20.33 20.29 24.54 1991.2 26.5 
~3.66 20.02 29.4 
46.<l9 19.7 29.65 2026.6 31.8 
60.33 19.37 32.8 
73.66 18.97 36.29 2942.1 37.4 
86.99 18.56 40.4 
100.33 18.36 18.1 1167.9 46.8 
113.66 18.15 39.3 
126.99 18.03 10.51 1045.1 35.4 
140.32 17.91 33 
153.66 15.52 197.6 2525.7 32 
166.99 13.12 31.3 
180.32 12.09 78.43 622.4 30.1 
193.66 ll06 28.6 
FLOW RATE imVmin atS.T.P.l: 742.3 
Time frnm Start: 118.2 h,... 
DISTANCE FROM OXYGEN rl OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY /cm) MOLE FRACTION /mVhr/k!! ofCoall /ml/kl! ofCoall /°Cl 
7 20.59 25.7 
20.33 20.15 19.05 2443.9 28.9 
:rn.66 19.7 32.3 
46.99 18.89 33.81 2685.6 35.9 
60.33 18.07 37.6 
73.66 17.05 40.47 3739.3 44.7 
86.99 16.03 49.9 
l(V\.33 14.77 47.35 1847.6 60.3 
113.66 13.51 48.7 
126.99 12.86 23.37 1396.9 42.1 
140.32 12.21 38.8 
153 66 11.52 24.06 4827.6 36.9 
166.99 10.83 35 
180.32 10.57 9.04 1530.8 31.3 
193.66 10.3 31.1 
FLOW RATE lmVmin atS.T.P.l: 344.5 






76.74 4012.2 41.2 
46.4 
107.1 5510.1 53.8 
57.3 
103.53 3658.2 55 
55.7 
36.82 2119.2 52.7 
48 
46.97 5920.9 44.2 
40.4 
13.25 1798.3 37.1 
33.7 
686.7 
Time from Start· 146 6 hrs 
DISTANCE FROM OXYGEN )NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR RN'l'RY/cm\ MOLE FRACTIO /ml/hr/kP' of Coal\ /ml/Jc.,. of Coal\ /"Cl 
7 20.59 28.6 
20.33 19.94 55.18 3458.9 33 
33.66 19.29 39.5 
46.99 17.95 108.71 4420.2 46.6 
60.33 16.6 52.7 
73.66 14.12 183.1 6148.5 62.1 
86.99 11.64 70.9 
100.33 9 173.9 6120.4 88.8 
113.66 6.35 49.9 
126.99 5.86 30.08 2266.4 63.2 
140.32 5.37 79.4 
153.66 4.24 67.05 6171.7 51.5 
166.99 3.11 46.8 
180.3?. 2.59 29.82 1893.1 40.9 
193.66 2.07 36.6 
FLOW RATE /ml/min atS.T.P.\: 686.7 
Time from Start· 154 6 hrs 
DISTANCE FROM OXYGEN )NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR RN'l'RY/cm\ MOLEFRACTIO iml/hr/ke-ofCru1J\ (ml/kuofCoal\ i•C\ 
7 20.59 29.1 
20.33 19.94 55.18 3900.3 34 
33.66 19.29 41.2 
46.99 17.66 130.85 5378.4 49.4 
60.33 16.03 56.6 
73.66 13.06 214.03 7737 67.3 
86.99 10.09 75.6 
100.33 6.55 220.86 7699.4 92.3 
113.66 3.01 77.8 
126.99 2.61 23.23 2479.6 71.6 
140.32 2.2 63.5 
153.66 1.61 -33.44 6573.7 56.4 
166.99 1.01 49.9 
180.32 0.51 27.76 2123.4 43.5 
193.66 0 38.6 
FLOW RATE (ml/min atS.T.P.l: 686.7 






4.06 1461.6 32.4 
18.3 33.1 
3.57 1285.2 33.5 
17.4 34 
4.26 1533.6 34.3 
16.3 34.3 
3.4 1244 33.5 
15.4 33.3 
1.49 536.4 32.1 
15 32 
5.1 1836 29 
13.6 28.6 
atS.T.P. : 75 
'l'ime from Start· 384 hrs 
DISTANCE FROM OXYGEN ,NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY (cml !MOLE FRACTIO (ml/hr/ke: ofCoall !ml/ku ofCoall r•ci 
7 19.7 27.7 
20.33 2.89 1113.5 30.6 
33.66 19 32 
46.99 4.04 1558.8 33.3 
60.33 18 34 
73.66 4.72 1384.7 34.5 
86.99 16.8 35 
100.33 3.83 1630.7 35 
113.66 15.8 35 
126.99 1.51 1282.9 34.2 
140.32 15.4 34 
153.66 4.44 607.6 33 
166.99 14.2 34.5 
180.32 5.03 1957.6 30.6 
193.66 12.8 29.6 
FLOW Ri\.TE (ml/min atS.T.P.l: 75 
'l'ime from Start: 480 hrs 
DISTANCE FROM OXYGEN )NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY (cml MOLE FRACTIO (ml/hr/kir of Coal) (ml/kir ofCoall (•Cl 
7 18.6 29.1 
20.33 6.1 1545 31.6 
33.66 17 33.1 
46.99 4.79 1982.6 34.3 
60.33 15.7 35 
73.66 4.29 1817.2 35.4 
86.99 14.5 35.9 
100.33 3.49 1982 36 
113 66 13.5 35.9 
126.99 4.75 1583.4 35 
140.32 12.1 34.8 
153.66 5.24 1072.2 33.7 
166.99 10.5 33.7 
180.32 2.77 2332 31.5 
193.66 9.63 30 .6 
FLOW RATE !mVmin at S.T.P. l: 71 
'l'ime from Start: fi04 hrs 
DISTANCE FROM OXYGEN rl OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY (cm l MOLE FRACTION (ml/hr/kir ofCoa1l (ml/kir ofCoa1l (•C) 
7 19.8 31.4 
20.33 2.89 1652.9 34.6 
33.66 19.1 36.4 
46.99 4.85 2098.3 37.8 
60.33 17.9 38.8 
73.66 5.86 1939 39.1 
86 QQ 16.4 39.5 
lfl().33 6.76 2105 39.7 
113 66 14.6 39.5 
126.99 6.48 1718.2 38.3 
140.32 12.8 38.2 
153.66 3.14 1172.8 37.2 
16699 11.9 37.5 
lR0.32 7.42 2454.2 34.6 
193.66 9.7 33.5 
FLOW RATE (mVmin at S.T.P.l: 75 




3.09 2193.6 39.1 
17.2 39.7 
3.55 2051.9 40.2 
15.9 40.7 
3.18 2224.3 40.7 
14.7 40.5 
7.33 1883.9 39.4 
11.8 39.3 
3.6 1253.6 328.3 
10.3 38.6 
5.52 2609.5 35.6 
35. 
53 
Time from Start· 576 hrs 
DISTANCE FROM OXYGEN ,NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR RN'T'RVt~--,\ IMOLE FRACTIO fml/hr/ku of Coal) !ml/ku nfCnal\ r•C\ 
7 18.3 33.5 
20.33 4.03 1919.6 36.9 
33.66 16.5 39.3 
46.99 1.74 2309.5 41 
60.33 15.7 42.1 
73.66 2.55 2198.3 42.2 
86.99 14.5 42.6 
100.33 3.89 2394 42.9 
113.66 12.6 43 
126.99 3.15 2135.4 42.1 
140.32 11 41.9 
153.66 3.96 1435.1 40.5 
166.99 8.9 39.5 
180.32 8.38 2943.1 37.4 
193.66 4.12 35.9 
FLOW 1HTE /ml/min At. S.T.P.): 42 
Time from Start: 600 hrs 
DISTANCE FROM OXYGEN rl OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY (cm) MOLE FRACTION <ml/hr/k"" ofCoall (ml/k"" ofCoall (•Cl 
7 19.5 35.4 
20.33 0.99 1979.9 39.1 
33.66 18.7 41.2 
46.99 0.49 2336.3 43 
60.33 18.3 44 
73.66 2.8 2262.5 44 
86.99 15.9 44.5 
100.33 2.2 2467.1 44.9 
113.66 13.9 44.5 
126.99 2.1 2198.4 43.5 
140.32 11.9 43 
153.66 3.2 1521 41.6 
166.99 8.7 41.2 
180.32 5.3 3107.3 38.3 
193.66 2.9 37.1 
FLOW RATE (ml/min at S.T.P.l: 22.5 
1'i me from Start· 696 hrs 
DISTANCE FROM OXYGEN ·1 OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY (cm l MOLE FRACTION <ml/hr/k"" ofCoall <mllk"" ofCoall (•Cl 
7 19.2 43.9 
20.33 18.5 2915.4 50.3 
33.66 16.2 57.5 
46.99 20.5 3343.8 63.5 
60.33 12.6 66.6 
73.66 25.9 3640.1 67.1 
86.99 7.6 68/9 
lM,33 20.1 3537.5 69.6 
11!Hi6 3.3 74.1 
126.99 11.4 2846.4 79.6 
140.32 0.68 77.2 
1!;3,66 2.74 1806.1 76.3 
166.99 0.03 76.9 
180.32 0.0836 3365.7 67.1 
193.66 0.01 60.8 
FLOW RATE <ml/min atS.T.P.\: 116 





100.33 1.22 4049.2 
113.66 0.03 











33.66 7.2 90.3 
46.9 7.54 4405.1 93.6 
60.33 3.9 95.1 
73.66 3.9 4452.8 94.1 
86.99 2.1 94.1 
100.33 0.64 4071.5 97 
113.66 1.8 97.3 
26.99 1.68 3141.9 96 
40.32 1 97.9 
153.66 2 1896.8 97 
166.99 0.03 94.1 
180.32 0.0612 3368.4 91.4 
193.66 86.6 
E 53 
Time from Start· 792 hrs 
DISTANCE FROM OXYGEN )NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY/cm) MOl E FRACTIO /ml/hr/k" ofl"nql) lmVkv ofCoall (0C) 
7 15.3 72.1 
20.33 17.8 4692.6 81.6 
33.66 11.4 85.2 
46.99 15.2 4678 87.5 
60.33 7.8 89.3 
73.66 10.6 4626.8 89.6 
86.99 5.1 90.8 
100.33 6.38 4155.7 91.8 
113.66 3.4 92.5 
126.99 3.29 3201.6 91.8 
140.32 2.5 93.6 
153.66 1.87 1943.2 93 
166.99 1.98 92.4 
180.32 2.77 3402.4 92.4 
193.66 1.2 90.8 
FLOW RATE /mVmin atS.T.P.l: 91 
8 --- Ohni Coal (Old) 
78.25h 
OXYGEN OXJDATION RATE OXYGEN ABSORBED TEMPERATURE 
MOLE FRACTION ml/hr/k or Coal ml/k orCoal •c 
19.9 21.9 
19.7 1.84 104.9 22.2 
19.5 22.6 
19.3 1.82 142.4 22.8 
19.1 22.9 
19 1.35 105.6 23 
18.8 23 
18.5 2.23 174.5 23 
18.3 23 
18.1 2.21 172.9 23 
17.8 23 




Time from Start· 166 2 hrs 
DISTANCE FROM OXYGEN )NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR F.N'l'RY/cml MOLE FRACTIO /ml/hr/k" or Coal) /ml/k" orCoall (•C) 
7 20.3 21.3 
20.33 20.l 2.06 254.3 22 
33.66 19.9 22.5 
46.99 19.8 1.53 289.7 22.7 
60.33 19.6 22.8 
73.66 19.5 1.01 209.4 22.8 
86.99 19.4 23 
100.33 19.2 2.01 360.9 22.9 
113.66 19 23.1 
126.99 18.8 1.99 357.6 23.1 
140.32 18.6 23.2 
153.66 18.4 1.97 353 23.1 
166.99 18.2 23.1 
180.32 23 
193.66 23 
n.nw RArr; <ml/min. atS.T.P.l: 108 
Time from Start· 194 4 hrs 
DISTANCE FROM OXYGEN 11 OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR EN'l'RY !cml MOLE FRACTION /ml/hr/k"' or Coal) !ml/kv or Coan !•Cl 
7 20.1 21.3 
20.33 20.1 0 283.4 22.3 
33.66 20.1 22.9 
46.99 19.9 1.82 337 23.2 
60.33 19.7 23.3 
73.66 19.4 2.52 259.2 23.3 
86.99 19.14 23.5 
100.33 19 1.52 410.7 23.3 
113.66 18.8 23.6 
126.99 18.6 1.77 410.7 23.7 
JAll 3?. 18.4 23.7 
153.66 18.2 2.18 411.6 23.5 
166.99 17.9 23.5 
180.32 23.3 
193.66 23 5 
FLOW RATE (ml/min atS.T.P.l: 96 
Time from Start· 242 4 hrs 
DISTANCE FROM OXYGEN 11 OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE A IR EN'l'RV /cm) MOLE FRACTION (ml/hr/kl! or Coal) !ml/k"' orCoall !•Cl 
7 20.1 21.8 
20.33 20 1.6 321.8 22.7 
33.66 19.8 23.1 
46.99 19.7 1.06 406 23.8 
60.33 19.6 24 
73.66 19.5 1.05 345.1 24 
86.99 19.4 24.1 
100.33 19.2 2.09 497.3 24 
113.66 19 24.3 
126.99 18.9 1.04 478 24.4 
140.32 18.8 24.4 
153.66 18.6 2.06 513.3 24.4 
166.99 18.4 24.3 
180.32 24.1 
193.66 24 
FLOW RATE (ml/min at S.T.P. ): 112 
8 --- Ohai Coal (Old) 
.25 
OXYGEN OXIDATION RATE OXYGEN ABSORBED TEMPERATURE 
MOLE FRACTION ml/hr/k of Coal ml/k ofCoal •c 
20.1 22.2 
19.9 2.01 364.9 23 
19.7 23.7 
19.6 430.6 24.1 
19.5 24.3 
19.4 1.49 375.5 24.4 
19.2 24.5 
19 1.97 545.8 24.5 
18.8 24.8 
18.6 1.95 513.7 24.8 
18.4 24.9 








20.33 2.47 475.6 23.6 
33.66 24.3 
46.99 0.49 467.5 24.7 
0. 3 24.9 
73.66 0.976 436.5 25.1 
86.99 25.1 
100.33 2.42 654.5 25.1 
113.66 25.4 
26.99 3.34 591 25.4 
40.32 25.7 




WRATE ml/min atST.P. : 104 
Time from Start· 389 4 hrs 
DISTANCE FROM OXYGEN )NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR EN'l'RV /rm) MOLE FRAm'JO lml/hr/k,,- ofCoall (ml/k,,- of Coal\ (•C) 
7 20.4 21.1 
20.33 20.2 2.24 649.3 25.2 
33.66 19.9 26 
46.99 19.8 1.33 534.6 26.5 
60.33 19.6 26.7 
73.66 19.4 1.76 537.3 26.9 
86.99 19.2 27.1 
100.33 18.9 2.6 839.4 27.3 
113.66 18.6 27.5 
126.99 18.4 2.14 846.5 27.6 
140.32 18.1 27.9 
153.66 18 1.27 637.9 28 
166.99 17.8 28 
180.32 28.1 
193.66 28.1 
FT nw Rxr~; (mllm;n atS.T.P.\: 94 
Time from Start: 430.4 hrs 
DISTANCE FROM OXYGEN )NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY r cm\ MOLE FRACTIO !ml/hr/k"" of Coal\ lml/k"" of Coal\ /•C\ 
7 19.8 23.8 
20.33 19.7 1.07 717.1 25.5 
::13 66 19.6 26.9 
46.99 19.6 0.534 572.8 27.5 
fl0.33 19.5 28.1 
73.66 19.5 0 573.4 28.1 
86.99 19.5 28.5 
100.33 19.3 2.65 947 28.5 
113.66 19 28.9 
126.99 18.8 2.62 944.1 29.4 
140.32 18.5 29.8 
153.66 18.3 2.59 717 29.8 
166.99 18 30 
180.32 17.6 4.07 29.8 
19::1.66 17 2 29.8 
FLOW RATE !ml/min atS.T.P.l: 113 
8 --- Ohai Coal (Old) 
6 hrs 
OXYGEN OXIDATION RATE OXYGEN ABSORBED TEMPERATURE 
MOLE FRACTION ml/hr/k of Coal ml/k ofCoal •c 
20.1 24.4 
20 1.1 723.6 26.1 
19.9 27.3 
19.8 1.63 579.2 28 
19.6 28.5 
19.5 1.62 578.2 28.6 
19.3 28.9 
19.1 2.68 962.8 29.1 
18.8 29.4 
18.6 2.12 958.2 19.8 
18.4 29.9 





Time from Start· 455 9 hrs 
DISTANCE FROM OXYGEN )NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
Arn RN'l'RV r ""' \ MOT .1<' FRACT!O /ml/hr/k"' of Coal\ /mlflru ofCoa1l /'Cl 
7 20 24.5 
20.33 19.9 1.81 752 26.5 
33.66 19.7 27.9 
46.99 19.6 1.25 606.9 28.6 
60.33 19.5 29.3 
73.66 19.4 1.79 611 .6 29.4 
86.99 19.2 29.7 
100.33 18.9 3.54 1023.7 29.9 
113.66 18.6 29.9 
126.99 18.4 2.33 1001.7 30.7 
140.32 18.2 31.2 
153.66 18 2.88 779.7 31.3 
166.99 17.7 31.5 
180.32 17.4 3.41 31.5 
193.66 17.1 31.7 
FLOW RATE /mlfmin atS.T.P.\: 127 
480.2 hrs 
OXYGEN TEMPERATURE 
MOLE FRACTIO •c 
20.3 25.1 
20.2 1.21 788.7 27.3 
20.1 28.8 
19.9 3.01 658 29.7 
19.6 30.4 
19.3 4.15 683.7 30.5 
18.9 31 
18.6 3.5 1109.2 31.4 
18.3 31.8 
18.1 2.88 1065 32.2 
17.8 32.8 
17.7 1.14 828.5 32.9 
17.6 33.1 
17.2 4.51 32.9 
68 
Time from Start: 502.2 hrs 
DISTANCE FROM OXYGEN roNI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
Arn EN'l'RY/cm\ MOLE FRACTI lml/hr/k" of Coal\ lml/k" ofCoall l'C\ 
7 20.3 25.1 
20.33 20.1 3 834.9 27.8 
33.66 19.8 29.1 
46.99 19.6 2.96 723.6 30.4 
60.33 19.3 30.9 
73.66 19.1 2.92 761.3 31.4 
86.99 18.8 31.5 
100.33 18.5 3.46 1185.6 31.8 
113.66 18.2 32.3 
126.99 17.7 5.66 1158.7 33 
140.32 17.2 33.7 
153.66 17 2.22 865.3 33.9 
166.99 16.8 34 
180.32 16.6 2.2 . 33.7 
193.66 16.4 33.2 
FLOW RATE fml/min atS.T.P.\: 126 
8 --- Ohai Coal (Old) 
OXYGEN OXIDATION RATE OXYGEN ABSORBED TEMPERATURE 
MOLE FRACTION ml/hr/k of Coal ml/k ofCoal ·c 
20.2 25.1 
19.9 3.98 863.4 27.9 
19.5 29.4 
19.3 2.24 744.8 30.7 
19.1 31.4 
18.9 2.22 782.3 31.7 
18.7 32.1 
18.4 3.29 1213.1 32.5 
18.1 32.9 
17.6 4.85 1201.6 33.5 
17.2 34.2 
16.9 3.17 887.3 34.5 
16.6 34.7 







46.99 2.96 789.2 31.3 
0.33 31.9 
73.66 2.92 826.2 32.4 
86.99 32.8 
100.33 4.03 1275.7 33.2 
113.66 33.7 
6.9 5.09 1286.6 34.3 
140.3 34.8 
153.66 3.88 947.6 34.4 
166.99 35.3 
180.32 3.27 35.4 
193.66 35.8 
FLOWRATE ml/ in 126 
Time from Start· 539 7 hrs 
DISTANCE FROM OXYGEN )NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR EN'l'RY/cml MOLE FRACTIO /ml/hrfk.,. of Coal) /ml/k" ofCoall (•C\ 
7 20.1 25.1 
20.33 19.8 2.47 947.8 28.5 
33.66 19.5 30.4 
46.99 19.2 2.84 825 31.8 
60.33 18.8 32.7 
73.66 18.4 3.19 863.9 33 
86.99 18 33.5 
100.33 17.6 3.12 1319.7 33.8 
113.66 17.2 33.8 
126.99 16.7 3.82 1341.5 34.8 
140.32 16.2 35.2 
153.66 15.8 3.36 992.2 35.4 
166.99 15.3 39.l 
180.32 14.8 3.65 - 36.l 
193.66 14 3 36.2 
~'LOW !?ATE <ml/min atS.TP.l: 87 
'l'ime from Start: 550.2 hrs 
DISTANCE FROM OXYGEN 1NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AJR EN'l'RV /cm) MOLE FRACTIO (ml/hr/ki, ofCoall !ml/ki, off!oal\ r•c) 
7 20.3 25.l 
20.33 19.9 3.42 978.5 28.8 
33.66 19.6 30.8 
46.99 19.2 3.84 859.8 32.2 
60.::l::l 18.8 33.1 
73.66 18.4 3.76 900.1 33.5 
86.99 18 34.3 
100.33 17.6 4.15 1357.6 34.8 
113 66 17.1 34.8 
126.99 16.7 4.06 1382.5 35.7 
140.32 16.2 36.l 
153.66 15.7 4.41 1032.7 36.1 
166 99 15.2 36.8 
180.32 14.8 3.88 - 36.7 
193.66 14.3 36.7 
FLOW RATE /ml/min atS.T.P.l: 103 
8 --- Ohai Coal (Old) 
6 . rs 
OXYGEN OXIDATION RATE OXYGEN ABSORBED TEMPERATURE 
MOLE FRACTION ml/hr/k of Coal mVk ofCoal •c 
19.9 26.1 
19.7 2.6 1008.6 29.3 
19.4 31.4 
19.1 3.59 897.5 32.7 
18.7 33.7 
18.3 4.03 939.7 34.2 
17.9 34.8 
17.3 6.33 1411.l 35.5 
16.6 35.8 
16.2 4.3 1425 36.3 
15.7 36.8 
15.3 3.75 1074.2 36.7 
14.9 37.3 
14.4 5.04 37.5 
13.8 37.3 
S.T .. . 110 
OXYGEN ABSORBED TEMPERATURE 




3.6 949.2 33.3 
34.3 
3.09 990.8 34.8 
35.6 
4.33 1488.l 36.6 
36.7 
4.64 1489.3 37.2 
37.8 





Time from Start· 583 9 hrs 
DISTANCE FROM OXYGEN ,NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR F:N'l'RY /cm\ MOLE FRACTIO /ml/hr/k" of Coan <mllk" of Coan (•C) 
7 20 26.9 
20.33 19.6 4.12 1077.8 29.9 
33.66 19.1 32.3 
46.99 18.7 4.03 984.1 33.8 
60.33 18.2 34.8 
7366 18 2.2 1015.1 35.6 
86.99 17.7 36.4 
100.33 17.3 3.89 1525.7 37.2 
113.66 16.8 37.7 
126.99 16.5 2.55 1522.2 38.2 
140.~2 16.2 38.7 
153.66 15.6 5 1182 38.4 
166.99 15 39.1 
180.32 14 8.01 - 39.1 
193.66 13 39.1 
FI nw HAT!'; (ml/min nt S.T.P.l: 97 
OXIDATION RATE OXYGEN ABSORBED TEMPERATURE 
ml/hr/k ofCoal ml/k ofCoal •c 
26.9 
3.66 1135.5 30.4 
32.7 
2.7 1034 34.4 
35.6 
4.41 1064.1 36.3 
37.1 
5.57 1591.7 37.8 
38.4 
4.99 1578.1 39 
39.5 





8 --- Ohni Cool (Old) 
OXYGEN OXIDATION RATE OXYGEN ABSORBED TEMPERATURE 
MOLE FRACTION ml/hr/k of Cool ml/k ofConl ·c 
20 27.1 
19.5 4.08 1188.2 30.9 
19.1 33.3 
18.5 5.03 1086.7 34.8 
17.96 36.3 
9.38 4.98 1128.1 37.2 
16.8 38 
16.1 5.83 1665.5 38.9 
15.4 39.5 
14.9 4.45 1642.5 40 
14.3 40.8 
14.2 1.19 1301.9 40.4 
14 41 
13.1 7.37 41.2 
12.1 41 
S.T ... 6 
Time from Start· 625 12 hrs 
DISTANCE FROM OXYGEN ,NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR RN'l'RY fem) MOLE FRACTJO lml/hr/ke- nfConJl lml/k" ofCoaJl /•Cl 
7 20.2 27.5 
20.33 19.8 3.64 1237.6 31.4 
33.66 19.4 33.9 
46.99 18.9 4.44 1147.3 35.8 
60.33 18.4 37.2 
73.66 17.9 4.76 1190.4 38.1 
86.99 17.3 39 
100.33 16.5 6.71 1745.7 39.6 
113.66 15.7 40.5 
126.99 15.1 5.27 1704.6 41.2 
140.32 14.4 41.7 
153.66 13.8 5.11 1342.2 41.3 
166.99 13.l 42.1 
180.32 12.4 5.33 42.4 
193.66 11. 7 42.2 
!<'LOW RATE /ml/min RtS.T.P.l: 96 
Time from Start· 637 hrs 
DISTANCE FROM OXYGEN >NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
A TR EN'l'RY / cm l MOLE FRACTIO (ml/hr/ke- ofCoall /ml/ke- ofCoall (•C) 
7 20.1 27.6 
20.33 19.7 4.08 1283.4 31.7 
33.66 19.2 34.4 
46.99 18.6 4.87 1202.6 36.5 
60.33 18.1 37.9 
73.66 17.5 5.58 1251.5 38.9 
86.99 16.8 39.6 
100.33 16 7.04 1827.3 40.9 
113.66 15.1 41.5 
126.99 14.4 6 1771.6 42.1 
140.32 13.6 42.7 
153.66 12.8 6.16 1408.2 42.3 
166.99 12 43.1 
180.32 11.3 5.57 - 43.3 
193.66 10.5 43.1 
"'' nw RATE /ml/min at S.T.P.l: 9fi 
Time from Start: 648.8 hrs 
DISTANCE FROM OXYGEN )NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR RNTRY/cm\ MOLE FRACTJO /ml/hr/k" of Cool\ /ml/k" ofr.oal\ 1°C\ 
7 20 27.9 
20.33 19.5 4.52 1334 32.3 
::13.66 19 34.8 
d6.!'.l9 18.6 3.98 1254.6 37.2 
60.33 18.1 38.7 
73.66 17.5 5.17 1314.5 29.9 
86.99 16.9 36 
100.33 15.9 8.69 1919.9 41.9 
113.66 14.8 42.7 
126.99 14.1 5.56 1839.6 43.3 
140.32 13.4 43.8 
153.66 12.8 5 1473 43.2 
166.99 12.1 44.2 
180.32 11.4 5.59 - 44.3 
193.66 10.6 44.3 
FLOW RATE (ml/min atS.T.P.): 96 
8 ... Ohai Coal (Old) 
OXYGEN OXIDATION RATE OXYGEN ABSORBED TEMPERATURE 
MOLE FRACTION ml/hr/k of Coal mVk ofCoal •c 
19.4 28.5 
18.9 4.93 1368.1 32.6 
18.3 35.4 
17.2 9.48 1303 37.7 
16.l 39.2 
15 8.99 1365.5 40.3 
13.9 41.4 
12.9 8.16 1980.6 42.5 
11.8 43.3 
11.1 5.6 1879.8 43.9 
10.3 44.3 
9.53 2.79 1501 43.8 
8.75 44.8 







18.6 7.34 1496.6 33.3 
17.7 36.3 
17 5.49 1459.7 38.9 
16.3 40.6 
15.3 7.54 1538.6 41.9 
14.3 43.1 
13.5 6.14 2130.4 44.3 
12.6 45.7 
11.8 5.56 1996.7 45.7 
11 46.3 
10.3 5.03 1582.9 45.5 
9.5 46.6 
8.9 4.1 46.8 
8.24 46.7 
in at .T .P. 88 
OXYGEN ABSORBED TEMPERATURE 
mVk ofCoa •c 
29.2 
7.2 1633.3 34.2 
37.6 
5.77 1565.6 40.2 
42.1 
7.38 1678.8 43.6 
45.1 
8.75 2270.3 46.3 
47.7 
6 2105.3 47.9 
48.2 





Time from 8tart: 722.1 hrs 
DISTANCE FROM OXYGEN ,NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY Ir.,,) MOLE FRACTIO /ml/hr/k" of Coal\ !mVk"' of Coal\ (•Cl 
7 17.2 29.4 
20.33 16.1 7.8 1831.1 34.5 
:13.66 15 37.4 
46,99 13.8 8.39 1752.4 40.8 
60.33 12.5 42.8 
73.66 11 9.76 1904.9 44.5 
86.99 9.4 46.2 
100.33 8.4 5.95 2464.2 47.3 
113.66 7.4 48.6 
126.99 6.8 3.73 2233.7 48.7 
140.32 6.1 49.2 
153.66 5.8 1.69 1739.9 48 
166.99 5.5 49.2 
180.32 4.4 6.01 . 49.2 
193.66 3.:l 49.2 
FLOW RATE (ml/min at S.T.P.l: 79 
Time from Start· 
DISTANCE FROM 
















Fl nw R/q•~: /ml/min 
Time from Start· 
DISTANCE FROM 
















8 --- Ohai Coal (Old) 
OXYGEN OXIDATION RATE OXYGEN ABSORBED TEMPERATURE 
MOLE FRACTION ml/hr/k of Coal ml/k of Coal °C 
lU ~5 
1t2 n5 6.62 1879.1 
15.1 37.5 
13.8 41.9 7.4 1804.9 
12.5 43.9 
11 46.1 8.27 1964.9 
9.4 47.4 
8.2 49.2 6.27 2504.9 
6.9 50.6 
6.3 50.8 3.13 2256.5 
5.6 50.3 
5.6 49.2 0.945 1748.7 
5.2 49.2 
7 
742 6 hrs 
OXYGEN )NI OXIDATION RATE I OXYGEN ABSORBED I 
MOLE FRACTIO lml/hr/k" of Coal\ /ml/k" ofConJ\ 
17.4 
16.3 7.03 1973.9 
15.1 
14.1 5.81 1896.7 
13.1 
11.4 9.29 2066.9 
9.7 
8.2 7.63 2601.5 
6.7 
5.5 5.99 2319.9 
4.2 
4 1.16 1763.3 
3.7 
atS.T.P.l: 68 
749 3 hrs 
OXYGEN )NI OXIDATION RATE I OXYGEN ABSORBED I 
MOLE FRACTIO /ml/hr/k"ofCoal\ /ml/k"ofCoaJ\ 
13.6 
12.7 5.22 2014.3 
11.8 
10.7 6.36 1936.8 
9.5 
8.5 5.28 2135 
7.5 
6.2 6.77 2649 
4.8 
4.1 3.6 2351.5 
3.3 






































FlnWRATF./mVmin atST.P.\: 67 
Time from Start· 767 4 hrs 
DISTANCE FROM OXYGEN )NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY <cm\ MO! E FRACTIO /ml/hr/kP' of Coal\ /ml/J,,u of Coal\ <•Cl 
7 15.5 31.6 
20.33 13.2 17.5 2220.2 36.5 
3::166 10.9 41.9 
46.99 9.05 12.8 2110.4 45.8 
60.33 7.2 48 
73.66 6 7.8 2253.5 50.6 
86.99 4.8 52.3 
100.3::1 3.9 5.9 2763.8 53.8 
113.66 2.9 54.5 
126.99 2.53 1.81 2400.5 54 
140.32 2.3 53.3 
153.66 2.3 0 1793.2 49.2 
166 99 2.3 52.4 
180.32 1.8 3.21 52.4 
193.66 l.22 n2 
FLOW RATE /ml/min at S.T.P.l: 89 
8 --- Ohni Coal (Old) 
OXYGEN OXIDATION RATE OXYGEN ABSORBED TEMPERATURE 
MOLE FRACTION ml/hr/k of Coal ml/k of Coal •c 
18.4 31.9 
17.1 11.6 2647.4 38.6 
15.7 44.2 
14.1 13.2 2492.1 48.7 
12.4 52.1 
10.5 14 2573.5 53.8 
8.6 55.3 
7.3 9.29 2986.8 56.8 
5.9 57.3 
54.4 3.31 2475.7 56.1 
4.9 56.1 
4.9 0 1793.2 55.4 
4.9 53 
3.4 9.51 53.8 
1.9 54.4 
Time from Start· 821 2 hrs 
DISTANCE FROM OXYGEN )NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY(cml MOLE FRACTIO (ml/hr/k" of Coal) (ml/k" ofCoall (•C) 
7 18.7 33.5 
20.33 17.1 12.41 2940.8 40.6 
33.66 15.5 47.3 
46.99 14.5 15.79 2846.4 57.8 
60.33 13.4 55.8 
73.66 11 8.45 2847.8 57.3 
86.99 8.5 59.6 
100.33 7.1 17.93 3319.4 60.8 
113.66 5.6 60.8 
126.99 4.9 2.22 2543.3 59.2 
140.32 4.2 57.9 
153.66 4.2 0.629 1800.9 53.8 
166.99 4.1 55.9 
180.32 3 4.64 - 56.1 
193.66 1.9 56.9 
FTnWJHn;/ml/m;n atS.T.P.l: 95 
Time from Start· 847 1 hrs 
DISTANCE FROM OXYGEN )NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRYfe...,) MOLE FRACTIO (ml/hr/k" ofCoall /mJfk., of Coal) (•C) 
7 18.2 35.7 
20.33 16.8 12.4 3262.2 43.3 
33.66 15.3 50.3 
46.99 13.3 15.8 3255.6 60.2 
60.33 11.3 62.8 
73.66 9 8.45 3066.8 62.7 
86.99 6.6 64.4 
100.33 5.2 17.9 3783.6 65.2 
113.66 3.7 64.7 
126.99 3.4 2.22 2600.8 64.6 
140.32 3 62.3 
153.66 2.9 0.629 1817.2 60.8 
166.99 2.8 56.6 
lR0.32 2.1 4.64 - 58.4 
Hl3.66 1.3 59.2 
~-1nw1H'l'~:/ml/min Rt.S.'P.Pr. 95 
18.1 37.1 
16.4 12.5 3477.8 45.6 
14.7 53.1 
11.8 19.1 3557.8 59.1 
8.9 63.8 
7 11.6 3240.4 66.4 
5 67.8 
3.9 6.11 3991.5 68.1 
2.8 67.2 
2.6 1.34 2631.6 64.4 
2.3 62.1 
2.3 0 1822.6 57.5 
2.3 58.9 
1.7 3.18 59.6 
60. 
atS.T.P .. 82 
8 --- Ohai Coal (Old) 
OXYGEN OXIDATION RATE OXYGEN ABSORBED TEMPERATURE 
MOLE FRACTION ml/hr/k of Coal ml/k ofCoal •c 
16 39.1 
13.6 13.3 3784.2 48.6 
11.1 56.4 
8.4 13 3939 62.8 
5.7 67 
4 7.66 3469.1 69.1 
2.2 70 
2.2 0.211 4066.6 70.3 
2.1 69.1 
2.1 0.21 2650 66.2 
2 63.7 
2 0.21 1826.1 68.4 
1.9 60.8 




20.33 21 4577.7 63.7 
33.66 62.9 
46.99 13 4540.5 68.7 
60.33 71.6 
73.66 8.21 3836.3 72.1 
86.99 72.1 
100.33 0 4071.4 71.8 
113.66 70.5 
126.99 0 2654.9 67.2 
140.32 64.6 
153.66 1.07 1854.7 68.7 
166.99 60.8 
180.32 2.09 60.8 
193.66 63 
FLOW RATE ml/min atS .. 79 
Time from Start· 960 7 hrs 
DISTANCE FROM OXYGEN ,NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
A TR F.N'l'RY /cm) MOLE FRACTIO /ml/hr/ke: ofCoa1l /ml/le.,. of Coal\ !•C\ 
7 14.7 44.2 
20.33 11.9 19.8 5114.9 56.5 
33.66 9 65.3 
46.99 6.5 15.8 4919.7 68.7 
60.33 3.9 72.1 
73.66 2.8 6.29 4027.2 72.1 
86.99 1.7 72.1 
100.33 1.5 1.39 4089.7 71.8 
113.66 1.2 70.4 
126.99 1.2 0 2654.9 66.7 
140.32 1.2 63.6 
153.66 1.2 0 1868.8 55 
166.99 1.2 68.1 
180.32 1.2 0.276 - 51.2 
193.66 1.1 46.8 
F1DW RATE (ml/min . atS.T.P.l: 83 
'l'ime from Start: 976.6 hrs 
DISTANCE FROM OXYGEN )NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR F.N'l'RY /cm\ MOLE FRACTIO /ml/hr/I," of Coal) /mlfk.,. of Coal) !•C\ 
7 14.4 39 
20.33 10.9 38.5 5579.2 52 
33.66 5.2 60.8 
46.99 3 11.4 5136.3 65.3 
60.33 2.1 66.9 
73.66 1.2 3.16 4102.4 66.4 
86.99 1.2 66 
100 33 1.1 0.695 4106.3 65.3 
113.66 1 63.8 
126.!l!l 1 0 2654.9 59.6 
140.32 1 55.5 
153.66 1 0 1868.8 45.6 
166.99 1 46.8 
180.32 1 0 44.5 
193.66 1 44.8 
FLOW RATE <ml/min atS.T.P.l: 104 
8 --- Ohai Coal (Old) 
OXYGEN OXIDATION RATE OXYGEN ABSORBED TEMPERATURE 
MOLE FRACTION ml/hr/k of Coal ml/k of Coal •c 
14.8 38.6 
11.2 28 6559.8 52.7 
7.6 62.9 
5.3 16 5540.4 66.5 
2.9 67.7 
2 2.89 4191.7 67 
1.1 66.4 
1.1 0 4116.6 65.6 
1.1 64.1 
1.1 0.312 2659.5 59.9 
1 55.8 
1 0.311 1873.4 45.9 
0.9 38.7 






0.33 11.7 52.7 
33.66 7.9 62.8 
46.99 5.4 19.4 5960.7 66.4 
0.33 2.9 67.7 
73.66 2.1 6.16 4299.l 67 
86.99 1.2 66.4 
100.33 1.1 1.06 4129.2 65.6 
113.66 0.9 64.1 
26.99 0.9 3.16 2700.7 59.8 
40.32 0 55.8 
53.66 0 0 1877.l 45.8 
166.99 0 48.4 
180.32 0 0 46.8 
193. 0 




34.6 9674.8 61.9 
69.6 
17.4 6853.1 71.5 
71.7 
5.1 4572.2 70.3 
69.8 
0.717 4172.3 69.1 
68.7 
0 2777.3 64.8 
62.3 




OXYGEN ABSORBED TEMPERATURE 
ml/k ofCoal •c 
54.2 
33.5 11496.52 66.4 
72.1 
11.7 7631.6 72.2 
72.1 
4.67 4833.5 69.8 
69 
3.86 4294.7 69.6 
72.2 
0 2777.3 69.8 
70.5 





8 --- Ohai Coal (Old) 
TEMPERATURE oc 
12 56.1 
10.9 9.72 13470.6 68.2 
9.7 75.6 
8.9 6.47 8461.5 76.1 
8.1 74.7 
7.7 3.15 5190.7 72.1 
7.3 71.6 
6.3 8.02 4837.3 72.1 
5.2 73.5 
4.1 8.39 3160.6 75.8 
2.9 77.4 





9 --- Ohai Coal (A) 
OXIDATION RATE OXYGEN ABSORBED TEMPERATURE 
ml/hr/k ofCoal ml/k ofCoal •c 
Time from Start· 4 8 hours 
DISTANCE FROM OXYGEN )NI OXIDATION RATE I OXYGEN ABSORBED I 
AIR EN'I'RY <cml MOLE FRACTIO <mllhr/k.,. ofCoall (ml/kl" ofCoall 
7 20.51 
20.33 20.18 15.23 73.1 
33.66 19.86 
46.99 19.47 17.72 85.06 
60.33 19.09 
73,66 18.74 15.6 74.88 
86.99 18.4 
100.33 18.03 16.44 78.91 
113.66 17.66 
126.99 17.33 14.2 68.16 
1M'l_32 17.01 




FLOW RA.'J'E <ml/min atS.T.P.r. 417.5 
Time from Start· 18 8 hours 
DISTANCE FROM OXYGEN )NI OXIDATION RATE I OXYGEN ABSORBED I 
AIR EN'l'RY r cm\ MOLE FRACTIO <ml/hrfk., of Coal\ <mlfk., of Coal\ 
7 20.63 
20.33 12.13 264.62 
33.66 19.98 
46.99 15.21 315.57 
60.33 19.25 
73.66 15.08 289.64 
86.99 18.31 
100.33 11.46 247.78 
113.66 17.66 
126.99 11.28 246.52 
140.32 17.01 




FLOW HATE (ml/min at S.T.P. l: 332.2 
Time from Start· 318 hours 
DISTANCE FROM OXYGEN 1j OXIDATION RATE I OXYGEN ABSORBED I AIR EN'l'RY<cml MOLE FRACTION <ml/hrfk., of Coal\ <mlfk., of Coal\ 
7 20.51 
20.33 14.6 438.36 
33.66 19.74 
46.99 20.38 546.91 
60.33 18.64 
73.66 19.83 516.56 
86.99 17.54 
100.33 22.08 465.79 
113.66 16.28 
126.99 23.43 472.14 
140.32 14.9 







































































9 --- Ohai Coal (A) 
OU 
OXYGEN OXIDATION RATE OXYGEN ABSORBED TEMPERATURE 
MOLE FRACTION ml/hr/k of Coa I mVk ofCoal ·c 
20.02 22 
31.12 689.82 22 
18.35 22.8 
36.16 857.88 22.8 
16.32 22.8 
36.6 644.99 22.8 
14.16 23 
30.23 753.5 23.3 
12.29 22.8 
15.33 685.32 22.8 
11.31 23 









17.45 1166.14 25.3 
18.76 25.3 
9.34 909.15 25.3 
18.27 26 
9.98 984.71 26.2 
17.74 25.5 
12.06 842.81 25.3 
17.09 25.5 








19.04 1191.67 26.6 
19.7 28.4 
12.5 1380.73 28.9 
19.05 29.1 
13.24 1070.94 29 
18.35 30.1 
12.83 1148.14 30.3 
17.66 29.6 
9.71 998.79 29.6 
17.13 29.5 





Time from Start· 79 8 hours 
DISTANCE FROM OXYGEN ,NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY (cml MOLE FRACTIO <ml/hrfk., ofCoall <mVk1r ofCoall <•Cl 
7 20.43 26.7 
20.33 17.78 1397.31 28.9 
::!3.66 19.53 31.4 
46.99 17.19 1546.55 32.9 
fi0 .33 18.64 33.3 
73.66 15.32 1230.45 33.1 
86.99 17.83 35 
100.33 15.21 1389.69 35.2 
I 13.66 17.01 34.2 
126 99 13.29 1127.25 33.9 
140.32 16.28 33.7 
153.66 11.64 1152.44 33.3 
166.99 15.63 33 
180.32 11.46 - 32.3 
193.66 14.98 31:2 
FLOW RATE (ml/min at S.T.P.l: 353.5 
9 --- Ohai Coal (A) 
OXIDATION RATE OXYGEN ABSORBED TEMPERATURE 
ml/hr/le of Coal ml/k ofCoal •c 
29.7 
17.61 1615.49 32.5 
19.45 36.2 
25.5 1809.73 37.6 
18.11 39.5 
26.13 1485.99 39.5 
16.69 42.l 
22.63 1622.97 43.3 
15.42 40.7 
18.2 1321.39 40.7 
14.37 40.3 







033 24.56 33.7 
33.66 19.21 38 
46.99 25.44 2378.47 39.7 
60.33 17.95 42.1 
73.66 26.41 2072.6 42.1 
86.99 16.6 45.3 
100.33 25.38 2159 46.8 
113.66 15.26 44 
26.99 17.15 1716.07 44 
140.32 14.33 43.4 
153.66 16.24 1727.69 42.1 
166.99 13.43 40.9 
180.32 28.57 39 
193.66 36.2 
Time from Start· 132 79 hours 
DISTANCE FROM OXYGEN )NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY /cm l MO! E FRACTIO lml/1,r/k"" ofCoall lml/k" ofCoall <•Cl 
7 20.31 32.8 
20.33 22.54 2538.85 36.3 
33.66 19.21 41.7 
46.99 35.39 2935.98 44.6 
60.33 17.42 48 
73.66 36.85 2652.38 48.8 
86.99 15.47 53.2 
100.33 30.23 2668.67 55.4 
113.66 13.8 51.5 
126.99 20.66 2062.6 52 
140.32 12.62 51.5 
153.66 20.79 2055.45 49.5 
166.99 11.4 47.7 
180.32 21.69 - 44.6 
Hl3.66 10.09 40.3 
Fl f)W R,\"r~: /ml/min atS.T .P.\: 368.1 
Ti fro Start ,me m : 139 46 h ours 
DISTANCE FROM OXYGEN iNI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY/cm) MOLE FRACTIO lml/hr/k" ofCoall lml/k" ofCoall <•Cl 
7 20.35 33.5 
20.33 22.54 2689.19 37.4 
33.66 18.8 43.2 
46.99 40.98 3190.67 46.4 
60.33 17.13 50.3 
73.66 55.79 2961.33 51.4 
86.99 14.12 56.4 
100.33 18.03 2829.62 59.1 
113.66 13.1 54.5 
126.99 37.31 2255.93 55.4 
140.32 10.91 55 
153.66 25.32 2209.23 52.9 
166.99 9.36 50.7 
180.32 11.63 46.9 
193.66 8.63 422 
FLOW RATE <ml/min atS.T.P.l: 371.02 
9 --- Ohoi Coal (A) 
1 1.79 hours 
OXYGEN OXIDATION RATE OXYGEN ABSORBED TEMPERATURE 
MOLE FRACTION ml/hr/k of Coal mVk of Coal ·c 
20.96 35 
49.02 3130.36 39.4 
18.4 45.2 
41.14 3696.94 49.6 
16.12 54.6 
58.98 3668.89 58 
12.62 60.2 
37.17 3169.93 66.4 
10.26 60.5 
52.94 2812.32 62.3 
6.67 61.9 










35.29 4053.49 52.3 
16.28 58.8 
63.4 4239.79 63 
12.45 65.3 
66.18 3652.06 72.1 
8.06 65.4 
29.75 3198.07 68 
5.94 68.2 




in atS.T.P. : 341 
Time from Start· 177 12 hours 
DISTANCE FROM OXYGEN 1NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY/cm\ MOLE FRAm'TO lml/hr/ku ofCoall lml/ku of Coan 1•c1 
7 19.9 39.7 
20.33 41.26 4022.96 44.7 
33.66 17.58 52.7 
46.9Q 51.48 4747.65 57.5 
60.33 14.49 65.3 
73.66 80 5386.99 70 
86.99 9.2 73 
100.33 51.29 4591.82 80.7 
113.66 5.45 74 
1?.6.99 30.24 3677.99 77.6 
140.3?. 3.09 78.7 
153.66 16.04 2682.04 78.2 
166.99 1.79 76.5 
180.32 - 71.6 
193.66 - 62 4 
~- nw RA1'E /m11m;n atS.T.P.l: 326 
Time from Start: 187.45 hours 
DISTANCE FROM OXYGEN )NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY/cm) MOT.F. FRACTIO (mlfhT/1,-u of Coal\ (mVk,rnfCoan /°Cl 
7 19.82 41.4 
20.33 46.58 4476.65 46.9 
33.66 17.46 55.3 
46,Q9 60.84 5327.78 60.6 
60.33 14.16 68.7 
73.66 92.1 6275.89 73.7 
86.99 8.63 76.5 
100.33 65.68 5195.97 84.5 
113.66 4.23 77.5 
126.99 23.93 3957.78 81.3 
140.32 2.52 82.8 
153.66 26.28 2900.62 83.2 
166.99 0.57 83.3 
180.32 - 81.5 
193.66 73 
FLOW RATE !ml/min atS.T .P.l: 362.3 
9 --- Ohai Coal (A) 
.78 oure 
OXYGEN OXIDATION RATE OXYGEN ABSORBED TEMPERATURE 
MOLE FRACTION ml/hr/Jc of Coal mVk ofCoa] ·c 
20.1 44 
59.77 5185.47 50.1 
16.77 59 
49.41 6062.6 63.2 
13.8 73.2 
104 7582.9 78.2 
6.8 80.5 
60.73 6038.49 87.5 
2.16 80.5 
12.1 4197.92 83.6 
1.18 84.9 









33.66 15.14 67.5 
46.99 66.15 6871.52 68.8 
60.33 10.83 80.9 
3.66 91.28 8949.86 85.7 
8 .99 4.11 88.3 
100.33 42.65 6762.15 96.2 
113.66 0.61 84.8 
26.99 7.13 4332.43 86.3 
140.32 0 87.4 
153.66 0 4197.92 87.4 
166.99 0 88.6 
180.32 0 90.6 
193.66 0 87.2 
FLOW RATE ml/min at S.T.P. : 319.7 
Time from Start· 222 78 houre 
DISTANCE FROM OXYGEN )NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR EN'l'RY/cm\ MOLE FRACTIO /ml/hr/Jc" ofCoaJ\ !mVJc.,. ofCoaJ\ (•C\ 
7 20.93 50.3 
20.33 118.21 6835.19 58.6 
33.66 15.47 69.1 
4699 80.29 7457.28 74.2 
60.33 11.31 82.8 
73.66 111.57 9761.26 87.5 
86.99 4.8 89.9 
100.33 50.18 7133.51 97.7 
113.66 1.55 85.8 
126.99 22.78 4452.07 86.6 
140.32 0 87.5 
153.66 0 4197.92 87 
166.99 0 88.1 
180.32 0 - 89.7 
19!'!.66 0 84 2 
Fl nw RAn; (m]/m;n atS.'l'.P.\: 406.97 
Time from Start: 235. 78 houre 
DISTANCE FROM OXYGEN 'ONI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR EN'l'RYfr...,\ IMOLE FRACTI /ml/hr/Jc" of Coal\ lml/1,a of Coal\ (•C\ 
7 19.17 53.6 
20.33 92.04 8201.82 61.9 
!'!3,66 14.33 73 
46.99 116.11 8733.88 78.3 
60.33 7.33 86.6 
73.66 71.23 10949.46 91.2 
86.99 2.44 93 
100.33 32.94 7673.79 99.8 
113.66 0 88.4 
126.99 0 4452.07 88.7 
140.32 0 89.4 
153.66 0 4197.92 87.5 
lfi6 ,99 0 88.5 
180.32 0 89.7 
193.66 0 83.5 
FLOW RATE (ml/min atS.T.P.l: 362.3 
9 --- Ohai Coal (A) 
3 7.78 hours 
OXYGEN OXIDATION RATE OXYGEN ABSORBED TEMPERATURE 
MOLE FRACTION ml/hr/k of Coal ml/k of Coal 'C 
16.36 73.8 
132.87 16298.58 85.1 
7.65 96.4 
97.61 16427.8 100.5 
0 102.6 
0 10949.46 104.4 
0 101.5 
0 7673.79 101 
0 104.2 
0 4452.07 97.8 
0 95.3 








20.33 192.04 21118.62 97.7 
33.66 0.49 109.4 
46.99 3.98 17934.89 111.7 
60.33 0 109.5 
73.66 0 10949.46 110 
86.99 0 105.3 
100.33 0 7673.79 100.3 
113.66 0 107.9 
26.99 0 4452.07 100.5 
40.32 0 97.8 
153.66 0 4197.92 94.3 
166.99 0 91.4 
180.32 0 91.9 
3.66 0 88.6 
T P .. 223.2 
10 --- Ohai Coal (B) 
Distance from Temp. (°C) 
Air Entrv (cm) 24 hrs 54 hrs 65.3 hrs 83.3 hrs 149.6 hrs 208.3 hrs 
16.65 16.6 22.8 25.1 28.5 32.6 38.1 
23.3 17.1 21.6 23.4 26.8 37.5 44.7 
36.66 18 20.1 21.9 25 38.7 48.6 
49.99 16.5 19.7 21 23.6 38 49.4 
63.33 16.6 19.1 20.3 22.9 36.4 48.9 
76.66 19.8 18.5 19.2 22 34.5 46.8 
89.99 18.7 18 19.1 21.9 33 44.9 
103.33 17.2 17.9 19 20.7 30.2 39.98 
116.66 16.8 17.9 19.1 21.3 32.8 43.6 
129.99 16.6 18 19.1 21.6 34.1 45.2 
143.32 16.5 17.9 19.1 21.6 33.5 43.6 
156.66 16.5 17.9 19.5 21.7 33.9 43.6 
169.99 16 18.6 20 22.8 33.6 42.5 
183.32 16 19.9 21.5 23.5 32.3 39.9 
196.66 16 21.5 23.4 23.5 30 37 
Distance from Temp. (OC) 
Air Entrv (cm) 233.1 hrs 252.4 hrs 274.5 hrs 305.1 hrs 329.1 hrs 335.4 hrs 
16.65 44 50.6 59.6 71.2 78.9 83.1 
23.3 53 62.4 73.8 87.7 97.6 101.5 
36.66 59.3 70 81.6 93.7 101.5 104.3 
49.99 61.9 73.2 84.2 94 97.9 99.4 
63.33 62.2 74.6 84.8 92.5 95.3 95.6 
76.66 61 73.9 83.1 90.1 92.3 92.6 
89.99 59.6 73.9 83 88.8 91 91.1 
103.33 52.4 66.4 74.5 79.3 81.2 81.5 
116.66 57.3 73.7 84 89.5 91.7 91.9 
129.99 59.1 76 88 93.7 95.3 96 
143.32 55.4 70.9 82.6 87.1 88.6 88.7 
156.66 54.8 69 82.9 87.5 89 90.2 
169.99 52.7 65.5 77 80 81.3 81.3 
183.32 48.8 59.7 80.6 82.7 83.7 85.6 
196.66 44.9 55 82.9 84.5 83.5 83.1 




34.3 378 .. 7 14.2 
19.82 14.8 
48.7 537.6 14.7 
18.64 14.7 
23 253.9 14.7 
18.07 14.8 
32.2 355.5 14.7 
17.26 14.3 
22.3 246.2 14.3 
16.69 14 





Time from Start· 55 2 hrs 
DISTANCE FROM OXYGEN )NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
ATR EN'l'RY/cm\ MOTE FRACTIO - - of Coal\ /ml/k"' of Coal\ !'C\ 
7 20.55 25.9 
20.33 37.6 1966.2 28.6 
33.66 19.66 31.3 
46.99 40.4 2505 32.3 
60.33 18.68 33.3 
73.66 47.4 1808.4 33.3 
86.99 17.5 33.7 
100.33 27.1 1664.8 33.4 
113.66 16.81 33.1 
126.99 17.4 1122.8 32.8 
1Af1.32 16.36 31.8 
153.66 12.7 1005.7 31.6 
166.99 16.03 30.8 
180.32 12.2 - 29.6 
193.66 15 .. 71 28.9 
FLOW RATF. !ml/min at S.T.P \: 725.6 
Ti fi s me rom tart: 78h 7 . rs 
DISTANCE FROM OXYGEN )NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR F.N'l'RY!cm\ MOLE FRACTIO !ml/hr/kl!' ofCoall (ml/kl!' ofCoR)l ('Cl 
7 20.72 28.9 
20.33 46.4 2915.4 33 
33.66 19.62 37 
46.99 30.5 3306.1 39.1 
60.33 18.88 41.2 
73.66 84 3293.2 42.1 
86.99 16.77 42.7 
100.33 49.7 2532.7 42.8 
113.66 15.47 42.6 
126.99 16.8 1509.2 41.9 
140.32 15.02 40.9 
153.66 10.8 1271.3 39.7 
166.99 14.73 38.6 
180.32 36.6 
193.66 31,.4 
FLOW RATE /ml/min at S.T.P. l: 725.6 
Time from Start: 107.5 hrs 
DISTANCE FROM OXYGEN rl OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY (cm) MOLE FRACTION (ml/hr/k"' ofCoall /ml/k"' ofCoall ('Cl 
7 20.63 30.6 
20.33 57.9 4464.3 35.7 
33.66 19.25 41.5 
46.99 73.8 4855 45.1 
60.33 17.42 48.6 
73.66 66.1 5522.2 50.3 
86.99 15.71 52.3 
100.33 57.6 4126.1 53.8 
113.66 14.16 52.9 
126.99 20.7 2066.1 52 
140.32 13.59 49.8 
153.66 28.9 1860.8 48.6 
166.99 12.78 46.5 
180.32 135 - 43.4 
193.66 8.79 41.3 
FLOW RATE /ml/min atS.T.P.l: . 725.6 






76.5 5794.4 50.3 
17.26 55.4 
85.4 6469 58.7 
14.77 60.8 
62.2 4874.8 62.3 
12.86 61.3 
48.5 2498.6 61.3 
11.31 59.9 








34.5 6094.4 45.9 
19.29 56.4 
135.6 8233.5 63.9 
15.94 71.6 
128.8 8932.3 76.5 
12.49 77.l 
146 7269.l 85.8 
8.22 77.8 
59.7 3742.9 81.4 
6.35 82 








20.33 61.3 6693.2 52.2 
33.6 19.21 64.8 
46.99 201.7 10341.7 ' 72.8 
60.3 14 80.3 
73.66 199.5 10984.2 83.7 
86.99 8.14 85.1 
00.33 51 8500.4 90.8 
1 3.66 6.51 83.2 
1 6.99 120 4866 87.1 
140.32 2.44 87.7 
153.66 45.3 3549.3 87.3 
166.99 0.81 87.9 
80.32 22 88.6 
193.66 0 94.1 
FLOW RATE mVmin at S.T.P .. 725.6 
Time from Start: 175.4 hrs 
DISTANCE FROM OXYGEN ,, OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY <cm\ MOLE FRACTION <mVhr/k" of Coal\ <mVkir of Coal\ <•C\ 
7 20.02 45.9 
20.33 222.2 9514 57.7 
::13.66 14.41 70.7 
<l6 aa 267.7 15012.2 77.6 
60.33 6.51 84.9 
73.66 143.9 14401 87.3 
86.99 1.63 87.5 
lM,3::1 44.9 9454.6 92.1 
113.66 0 84 
126.99 0 0 6060 88.2 
140.32 0 88.6 
153.66 0 0 4000.1 88.2 
166.99 0 88.6 
180.32 0 99 
193.66 0 88.2 
FLOW RATE fmVmin at S.T.P. \: 725.6 





272.3 17361.2 79.8 
10.26 86.4 
240.5 16073.2 88.2 
2.52 88.2 
38.9 9819.1 91.9 
1.14 83.7 
31.3 6196.2 85.3 
0 88.1 




I/mi atS.T.P.: 730.5 
Time from Start· 202 3 hrs 
DISTANCE FROM OXYGEN )NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY<cml MOLE FRACTIO <ml/hr/k"' of Coal) /ml/kl' of Coall <•Cl 
7 20.02 51 
20.33 223.6 14015 64.6 
33.66 14.41 77.6 
46.99 269.3 22289.7 83.6 
60.33 6.51 89.3 
73.66 144.8 19579.4 90.1 
86.99 1.63 89.7 
100.33 45.2 10584.4 91.9 
113.66 0 86.2 
126.99 0 .o 6481 88.2 
140.32 0 89.3 
153.66 0 0 4000.1 88.6 
166.99 0 89 
180.!'12 0 82.7 
193.66 0 82.5 
FLOW RATE <ml/min atS.T.P.\: 730 
Time from Start: 236.4 hrs 
DISTANCE FROM OXYGEN )NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY<cml MO! E FRACTIO (ml/hrilm of Coal) <mllk" ofCoall <•C\ 
7 19.37 54.3 
20.33 338.7 23602.2 67.6 
33.66 10.42 80.2 
46.99 268.2 31454.1 83.2 
60.33 1.79 89.5 
73.66 49.8 22897.3 91 
86.99 0 90.1 
100.33 0 0 11355.1 92.2 
113.66 0 88.4 
126.99 0 0 6481 90.5 
140.32 0 96.7 
153.66 0 0 4000.1 100.4 
166.99 0 95.4 
180.32 0 98 
193.66 0 90.2 
FLOW RATE /ml/min at S.T.P.r. 725.6 
Time from Start: 264 hrs 
DISTANCE FROM OXYGEN rl OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY <cm\ MOLE FRACTION /ml/hr/ke: of Coal) /ml/ke: of Coal) (•Cl 
7 19.62 56.4 
?.0.33 383.2 33564.5 72.6 
ll36fl 9.6 84.1 
46.99 230.3 38333.4 87.5 
60.33 2.28 92.7 
73.66 64.8 24478.8 92.4 
86.99 0 90.2 
100.3~ 0 0 11355.1 84.2 
113.66 0 93.4 
126.99 0 0 6481 91.7 
140.32 0 105.3 
153.66 0 94.3 
166.99 0 99.1 
180.32 0 89.3 
193.66 0 98.6 
FLOW RATE <ml/min atS.T.P.l: · 740 






33.8 1622.4 20.5 
19.8 20.8 
47.3 2270.4 20.8 
18.8 20.8 
27.8 1480.3 20.8 
18.2 21 
145.9 3628.7 21 
14.9 21.3 




n a S.T.P . . 850 
Time from Start· 94 4 hrs 
DISTANCE FROM OXYGEN )NI OX1DATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR RN'l'RY /cm) MOLE FRACTIO !ml/hr/lmofCoall lml/k"'ofCoall l'C\ 
7 20.9 20.8 
20.33 5.49 1522.9 21.5 
33.66 20.8 21.9 
46.99 10.9 2659.4 22.1 
60.33 20.6 22.3 
73.66 16.3 3745.9 22.3 
86.99 20.3 22.3 
100.33 16.2 2501.1 22.8 
113.66 20 23 
126.99 21.4 7510.1 23 
140.32 19.6 23 
153.66 21.2 6491 23 
166.99 19.2 23 
180.32 22.8 
193.66 - 22.5 
FLOW RATt<; fml/min atS.'l'.P.l: 950 
Time from Start· 120 hrs 
DISTANCE FROM OXYGEN I OXJDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY/cm) MOLE FRACTION fml/hr/h nfCoall fmJ/k., ofCoall (•C) 
7 20.9 21.3 
20.33 4.79 1654.5 22.1 
33.66 20.8 22.8 
46.99 4.78 2860.1 23 
60.33 20.7 23.3 
73.66 19 4197.8 22.3 
86.99 20.3 23.4 
100.33 18.8 2949.1 24 
113.66 19.9 25 
126.99 18.6 8022.1 24.3 
140.32 19.5 24.3 
153.66 13.9 6940.2 24 
166.99 19.2 24 
180 32 23.6 
193.66 - 23 
FLOW RATE <ml/min atS.T.P.l: 830 
Time from Start· 151 7 hrs 
DISTANCE FROM OXYGEN rl OXJDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY !cm) MOLE FRACTION < ml/hr/k" of Coall ! ml/k" of Coall (•C) 
7 20.9 21.5 
20.33 7.28 1845.8 22.8 
:rn.66 20.75 23.5 
46.99 12.1 3127.7 23.8 
60.33 20.5 24 
73.66 14.4 4727.2 24 
86.99 20.2 24.3 
100.33 14.3 3473.7 25.3 
113.66 19.9 26.2 
126.99 9.46 8466.8 25.5 
140.32 19.7 25.3 
153.66 18.8 7458.5 25 
166.99 19.3 24.9 
180.32 24 
193.66 - 23.8 
FLOW RATE (ml/min at S .T.P. ): 820 




9.67 3296.4 24.5 
19.9 25.1 
14.3 4949.6 25.3 
19.3 25.9 
9.43 3657.6 27.3 
18.9 26.7 
23.2 8719.9 26.7 
17.9 26.5 







9.76 2441.4 23.5 
20.3 24.5 
9.67 3755.7 25.3 
19.9 25.6 
11.9 5571.8 26 
19.4 26.7 
18.8 4328.1 27.9 
18.6 27.7 
16.2 9655.7 27.7 
17.9 27.7 





Time from Start: 238.2 hni 
DISTANCE FROM OXYGEN )NI OXlDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR F.N'l'RY /cml IMOT E FRACTIO (ml/hr/h ofCoall (mVke- ofCoall (OC\ 
7 20.9 22.8 
20.33 7.35 2642.5 24 
33.66 20.6 26 
46.99 9.71 3983.5 26.5 
60.33 20.2 27.1 
73.66 4.82 5768.3 27.8 
86.99 20 28.9 
IIW .33 11.9 4688.8 28.3 
113.66 19.5 28.4 
1?.6.99 9.45 9957.1 28.6 
140.32 19.1 28.6 
153.66 20.9 8761 27.7 
166.99 18.2 27.4 
180 32 26 
193 66 - 25.3 
FLOW RATE /ml/min at S.T.P. l: 425 
'Nme from Start.- 334.2 hni 
DISTANCE FROM OXYGEN ·I OXlDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY(cml MOLE FRACTION Cml/hr/ke- of Coal) CmVke- ofCoall (OC) 
7 20.8 24.9 
20.33 7.75 3367.3 26.5 
33.66 20.3 27.7 
46.99 6.13 4743.8 28.9 
60.33 19.9 30.1 
73.66 6.83 6327.5 30.3 
86.99 19.45 31.6 
100.33 14.2 5941.6 32.5 
113.66 18.5 31.8 
126.99 4.4 10621.9 31.8 
140.32 18.2 31.8 
153.66 10.2 10253.8 31.3 
166.99 17.5 30.1 
180.32 28.9 
193.66 27.7 
FLOW RATE /ml/min at S.T.P.l: 270 




4.72 5150.6 32.5 
20.6 33.7 
9.4 6936.1 35 
20.4 35.6 
14 6999.1 36.6 
20.1 36.2 
4.64 10960.9 36.2 
20 40.6 





Time from Start· 431 2 hrs 
DISTANCE FROM OXYGEN roNI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
Arn F.N'l'RY /cm) MOTE FRACTI /ml/hr/k"ofCoal\ /ml/kJTofCoal\ /'Cl 
7 20.9 27.7 
20.33 13.8 4269 30.1 
33.66 20.5 32.5 
46.99 13.7 5353.3 34.1 
60.33 20.1 35.7 
73.66 6.79 7114.2 36.3 
86.99 19.9 37.9 
100.33 10.1 7264.2 39.7 
113.66 19.6 38.8 
126.99 13.4 11159.3 39.4 
140.32 19.2 40.1 
153.66 9.95 11194.4 40.1 
166.99 18.9 38.6 
180.32 36.2 
193.66 22.8 
!<'LOW RATE <ml/min at S.T.P. \: 600 
Time from Start· 575 7 hrs 
DISTANCE FROM OXYGEN )NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR F.N'l'RY r cm\ MOLF. FRACTIO /ml/hr/k" of~oal\ lml/k" of Coal\ ('C\ 
7 20.6 28.3 
20.33 8.27 5863.6 31.3 
33.66 20.3 33.7 
46.99 8.21 6936.6 35.2 
60.33 20 36.5 
73.66 8.15 8193.6 37.4 
86.99 19.7 39.7 
100.33 13.4 8962.1 42.6 
113.66 19.2 45.6 
126.99 18.5 13464.1 48.2 
140.32 18.5 58.9 
153.66 10.5 12671.9 64.1 
166.99 18.1 57 
180.32 49.2 
193.66 . 43 
FLOWRATE(mVmin atS.T.P.l: 480 
Time from Start: 600.7 hrs 
DISTANCE FROM OXYGEN ,I OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY /cm\ MOLE FRACTION /ml/hr/k" of Coan /ml/k" of Coan <•C\ 
7 20.4 28.5 
20,33 26.5 6298.2 32 
~3.6R 19.3 35 
46.99 7.11 7127.8 37.4 
60.33 19 38.9 
73.66 11.7 8441.7 40.6 
86.99 18.5 44.2 
100.33 49.9 9753.4 50.3 
113.66 16.3 50.6 
126.99 11 13832.8 53.1 
140.32 15.8 55.9 
153,66 30.1 13179.4 56.1 
166.99 14.4 55 
180.32 50.8 
193.66 . 46.8 
FLOW RATE /mVmin atS.T.P.l: 425 












Time from Start· 692 4 hrs 
DISTANCE FROM OXYGEN IN' OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR EN'I'RYfr.,.,\ MOLE FRACTIO <ml/hr/h of Coal\ (ml/k"' of Coal\ <•C\ 
7 20.7 31.3 
20.33 13.4 7563.6 36.9 
33.66 19.8 42.1 
46.9Q 17.3 8234.9 46.4 
60.33 18.6 50.8 
n .66 9.89 9579 55 
86.99 17.9 60.2 
100.33 36.6 12859.5 66.4 
113 66 15.2 64.1 
126.99 50.1 16884 65.7 
140.32 11.2 65.5 
153.66 10.7 14401 66.4 
166.99 10.3 61.9 
180.32 57.3 
193.66 52.7 
FLOW RA1·1<; 1ml/min atS.T.P.r. 260 
Time from Start: 721 9 hrs 
DISTANCE FROM OXYGEN )NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR EN'I'RY <cm\ MOLE FRACTIO /ml/hr/k,,. of Coal\ /mVk,,. of Coal\ <•C\ 
7 20.7 32.5 
20.33 22 8085.8 38 
33.66 20 43.6 
46.99 24.7 8854.4 48.2 
60.33 19.2 53.1 
73.66 15.2 9949.l 57.3 
86.99 18.7 62.7 
100_33 32.8 13883.2 70.3 
113.66 17.6 68.2 
126.99 31.9 18093.5 69.8 
140.32 16.5 70.9 
153.66 42.2 15181.3 69.8 
166.99 15 66.4 
180.32 61 
1Q3.66 . 55.5 
FLOW RATE /ml/min at S.T .P. \: 550 
Time from Start· 762 9hrs 
DISTANCE FROM OXYGEN rl OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY (cm) MOLE FRACTION (ml/hr/k"' ofCoall (ml/kl!' ofCoall <•C\ 
7 20.3 34.1 
20.33 4.57 8630.5 40.1 
33.66 19.9 46 
46.99 7.89 9522.5 51.5 
60.33 19.2 56.1 
73.66 20.7 10685.l 60.8 
86 9q 17.3 66.4 
100.33 37.8 15330.5 74.8 
113.66 13.6 73.5 
126.99 15.4 19063.1 75.8 
140.32 12 81.3 
153.66 . 88.6 
166.99 76.5 
180.32 69.8 
193.66 . 61.9 
FLOW RATE <ml/min atS.T.P.l: 200 






16.4 9899 54.3 
15.6 59.6 
4.03 11068.4 64.1 
14.8 70.6 
17.2 16183 79.4 
11.2 78.4 






Time from Start· 812 4 hrs 
DISTANCE FROM OXYGEN )NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR F.N'l'RY frm \ IMOLF. FRACTIO lml/hr/k" ofCnsl\ lml/k" nfCoRll /•Cl 
7 20.9 36.2 
20.33 26.4 9252.4 42.3 
33.66 18.2 49.2 
46.99 12.1 10162.6 54.5 
60.33 16.9 60.2 
73.66 11.7 11213.9 64.8 
86.99 15.6 70.9 
100.33 42 16730.6 79.8 
113.66 10.6 78.7 
126.99 36.8 20080.3 80.9 
140.32 5.7 87.9 
153.66 93 
166.99 . 82.7 
180.32 75.4 
193.66 . 66.4 
FLOW RATE /ml/min atS.T.P.l: 175 







11.9 365.6 17.5 
20.23 17.5 
16.2 497.7 17.4 
19.79 17.4 
15.3 470 17.4 
19.37 17.4 
14.8 454.7 17.4 
18.96 17.8 
11.4 350.2 17.8 
18.64 17.8 
20.1 617.5 17.8 
80 7.8 
T.P .. 677.05 
Time from Start: 150.7 hrs 
DISTANCE FROM OXYGEN )NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY !cm l MOLE FRACTIO /ml/hr/k" ofCoall <mJtlm ofCoall <•Cl 
7 20.73 20.3 
20.33 7.9 1217.7 21.6 
33.66 20.53 23.8 
46.99 7.1 1505.4 25.5 
60.33 20.35 26.6 
73.66 17.5 2519.3 27.6 
86.99 19.9 28.9 
100.33 23.4 2791.6 27.7 
113.66 19.29 28.9 
126.99 27.5 2992.2 28.9 
140.32 18.56 28.9 
153.66 21.2 2305.9 28.9 
166.99 17.99 28.9 
111n,3?. 18 2903.1 28.9 
193.66 17.5 27.7 
FLOW RATE (mVmin atS.T.P.l: 712.5 
Time from Start: 170.6 h,.,. 
DISTANCE FROM OXYGEN ,I OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIRENTRY/cml MOLE FRACTION (mVhrlkl! ofCoall (ml/kl! ofCoall (•Cl 
7 20.81 21.4 
?.0.33 2.3 1319.2 22.8 
33,6/i 20.75 26.2 
.t6,99 6.7 1642.7 28.4 
60.33 20.58 30.1 
73.66 5.8 2751.2 33.3 
86.99 20.43 33.5 
100.33 6.9 3093.1 32.6 
113.66 20.25 34.6 
126.99 10.3 3368.3 34.6 
140.32 19.98 35 
153.66 15.5 2671 35 
166.99 19.57 35 
180.32 13.5 3216.5 35 
193.66 19.21 33.6 
FLOW RATE <mVmin atS.T.P.l: 699.54 













Time from Start· 269 0 hrs 
DISTANCE FROM OXYGEN I OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
ATR F.N'T'RY/cml MOTE FRACTION /mlfl..r/k"' of Coal) /ml/I,"' of Coal) t•r., 
7 20.43 23.4 
20.33 12.7 2119.2 25.7 
33.66 20.1 30.14 
46.99 9.2 3997.3 33 
60.33 19.86 36.2 
73.66 21.5 4020.5 41.4 
86.99 19.29 42.1 
100.33 12.7 3979.9 39.7 
113.66 18.95 44.9 
126.99 11.5 4843.7 46.6 
140.32 18.64 48.1 
153.66 15.1 4042.2 49.9 
166.99 18.23 51.8 
180.32 26.4 4692.2 54 
193.66 17.5 56 
FTnWRATE/ml/min atS.T.P.l- 699.54 
Time from Start· 284 4 hrs 
DISTANCE FROM OXYGEN ,NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY lcml MOLE FRACTIO (ml/hr/ke- ofCoall (ml/ke- ofCoall (•Cl 
7 20.85 23.9 
20.33 4.6 2252.5 26.2 
33.66 20.73 30.8 
46.99 13.1 3169 33.7 
60.33 20.39 35.9 
73.66 14.1 4294.6 42.5 
86.99 20.02 43.3 
100.33 24.5 4266.3 40.9 
113.66 19.37 46.2 
126.99 12 5024.7 48 
140.32 19.05 49.5 
153.66 15.1 4274.8 51.6 
166.99 18.64 54.4 
180.32 53 5303.6 60.8 
193.f\6 17.17 51.5 
FLOW RATE (ml/min atS.T.P.l: 699.54 
Time from Start· 314 6 hrs 
DISTANCE FROM OXYGEN rl OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY (cml MOLE FRACTION (ml/hrlke- ofCoall (ml/ke- of Coan (•C) 
7 20.85 24.5 
20.33 0.8 2334 26.7 
33.66 20.83 31.6 
46.99 5.9 3455.9 35 
60.33 20.68 38.4 
73.66 3.5 4560.4 44.3 
86.99 20.59 45.1 
lM.33 22.1 4970 42.5 
113.66 20.02 48.1 
126.99 13.8 5414.2 49.9 
140.32 19.66 51.7 
153.66 18.6 4783.7 54 
166.99 19.17 56.9 
180.32 29.1 6543.3 60.4 
193.66 18.39 60.4 
FLOW RATE /ml/min atS.T.P.l: 709.25 






1.2 3541.1 35.6 
20.82 39.1 
3.5 4644.4 45.2 
20.73 45.9 
5.4 5300 43.5 
20.59 49.4 
23.3 5859.4 51 
19.98 53.1 
23 5282.9 55 
19.37 57.4 






20.33 6 2602.8 25.6 
33.66 20.61 33 
46.99 6.7 3733.9 36.9 
60.33 20.43 38.8 
73.66 18 5169 48 
86.99 19.94 49.1 
100.33 17.8 5866.1 45.9 
113.66 19.45 52.2 
26.99 17.6 6857.4 53.3 
140.32 18.96 55.5 
153.66 23 6405.3 58.1 
166.99 18.31 62 
180.32 25.4 8334.9 67.7 
93.66 17.58 68.7 
TE Vmin atS.T.P. : 673.84 
Time from Start: 435.4 hra 
DISTANCE FROM OXYGEN 1NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR RN'l'RV !cm\ MOLE FRACTIO !mVhr/k2" of Coal) (m111m of Coal\ r•C\ 
7 20.74 25.7 
20.33 0.8 2766 28.3 
33.66 20.72 33.9 
46.99 7.9 4084.3 38.6 
60.33 20.51 44 
73.66 10.5 5853 52.1 
86.99 20.23 53.1 
100.33 16.3 6684.5 49.4 
113.66 19.79 56.6 
126.99 16.8 7683 58 
140.32 19.33 60.6 
153.66 22 7485.3 64.3 
166.99 18.72 69.8 
180.32 28.7 9633.3 76.5 
193.66 17.91 76.5 
FLOW RATE <mVmin atS.T.P.l: 680.26 
'rime from Start: 474.5 hrs 
DISTANCE FROM OXYGEN rl OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY (cml MOLE FRACTION <mVhr/k2" ofCoall (ml/k2" ofCoall (•Cl 
7 20.85 25.9 
20.33 5.6 2891.2 28.6 
33.66 20.71 35 
46.99 8 4395.1 40.2 
60.33 20.51 46.8 
73.66 17.9 6408.2 56.1 
86.99 20.06 56.3 
100.3~ 19.2 7378.5 52.9 
113 66 19.57 60.8 
126.99 28.2 8562.7 62.4 
140.32 18.84 65.4 
153.66 35.2 8603.5 71.2 
166.99 17.91 76.5 
180.32 33.3 10845.4 81.5 
193.66 17.01 81.5 
FLOW RATE !mVmin at S.T .P. \: 725.62 






























T a tS.T.P .. 
















/min at S.T .P. : 74 .3 
41.8 ht"8 
OXYGEN TEMPERATURE 
MO EFRACTIO •c 
7 20.58 17.9 
20.33 8.1 338.6 21 
33.66 20.39 21.5 
46.99 10.5 438.9 22.8 
60.33 20.14 23.8 
73.66 19.6 819.3 25.3 
86.99 19.67 25.3 
100.33 12.4 518.3 24.1 
13.66 19.37 25.4 
126.99 6.6 275.9 25.7 
40.32 19.21 26.1 
153.66 13.5 564.3 26.8 
166.99 18.88 28.2 
180.32 8.1 338.6 29.3 
193.66 29.1 
759.5 
Ti fro s ime m tart: 65.0 h rs 
DISTANCE FROM OXYGEN )NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY(cml MOLE FRACTIO (ml/hr/Im ofCoall (ml/kl! ofCoall (•Cl 
7 20.67 18.7 
20.33 14.1 596.1 20.5 
33.66 20.35 23.4 
46.99 9.2 667.4 25.3 
60.33 20.14 26.5 
73.66 20.8 1287.9 28.9 
86.99 19.66 28.9 
100.33 12.4 806 27.2 
113.66 19.37 28.9 
126.99 6.8 431.3 28.9 
140.32 19.21 29.1 
153.66 14 883.3 29.9 
166.99 18.88 31.1 
180.32 6.7 510.3 31.8 
193.66 18.72 31.1 
FLOW RATE <ml/min atS.T.P.\: 788.1 
'Nme from Start: 90.7 ht"8 
DISTANCE FROM OXYGEN rl OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY (cml MOLE FRACTION (ml/hr/le!! of Con]) <ml/kl! ofCoall (•C) 
7 20.8 19.1 
20.33 8.5 886.5 21.5 
33.66 20.59 24.6 
46.99 16 991.2 27.1 
60.33 20.19 29 
73.66 16.2 1763.4 32.3 
86.99 19.78 32.5 
100.33 9.8 1091.3 30.1 
113.66 19.53 32.3 
126.99 18.6 757.7 32.5 
140.32 19.05 32.5 
lfi~.66 5 1127.5 32.8 
166.99 18.92 33.7 
180.32 7.7 686.3 34.2 
193.66 18.72 32.6 
FLOW RATE <ml/min at S.T .P. l: 719 




6.6 1264.7 30.1 
20.61 33.3 
9.1 2069.5 38 
20.39 38.3 
15.2 1393.8 36.2 
20.02 39.7 
19.9 1223.6 40.4 
19.53 40.4 
9.6 1304.1 40.9 
19.29 41.6 






33.66 20.66 27.9 
6.9 8.8 1449.5 31.6 
60.33 20.45 35.1 
73.66 14.5 2352.7 40.8 
86.99 20.1 40.9 
100.33 13.2 1734.6 38.2 
113.66 19.78 42.9 
.99 34.9 1881.2 44 
140.32 18.92 44.7 
153.66 0 1419.3 45.6 
166.99 18.92 46.7 
180.32 11.2 1136.8 46.5 
193.66 18.64 43 2 




8.3 1372.2 24 
20.61 28.9 
10.4 1653 32.8 
20.36 36.8 
14.8 2663.3 42.9 
20 43 
15.5 2038.8 40.3 
19.62 45.6 
18.2 2444 46.8 
19.17 48 
17.2 1601.6 49.4 
18.74 51 
26.4 1535.3 51.3 
18.07 47.4 
atS.T.P .. 745.7 
Time from Start· 186.7 hrs 
DISTANCE FROM OXYGEN rl OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY/cm\ MOLE FRACTION /mVhr/k.- of Coal\ lml/k.-ofCoal\ (•C) 
7 20.77 22.1 
?.0.:l:l 5.8 1559.7 24.8 
:l3 ,::,:: 20.63 30.9 
46.9!1 8.3 1901.7 34 
60.33 20.43 38.4 
73.66 13.6 3041 44.9 
86.99 20.1 45.3 
100.33 19.6 2505.6 42.2 
113 66 19.62 48 
126.99 15 2885.6 49.5 
140.32 19.25 51 
153.66 19.6 2091.1 52.9 
11,6 00 18.76 55.2 
lR0.32 32 2312 56.1 
193.66 17.95 28.5 
FLOW RATE /ml/min atS.T.P.l: 745.7 






6.6 2114.8 35.2 
20.55 39.9 
11.5 3399 .. 9 46.8 
20.27 47.1 
15.4 3006.1 43.9 
19.894 50.3 
16.4 3334.6 51.8 
19.49 53.8 
27.6 2766 56.1 
18.8 58.8 
29.4 3190.1 59.6 
5 5 
at .T .P .. 742.3 
Time from Start· 258 9 hrs 
DISTANCE FROM OXYGEN )NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR F.N'l'RY/cm\ MOLE FRACTIO fml/hr/k" of Coal\ (m)llm of Coal) r•Cl 
7 20.71 23.5 
20.33 3.2 1907.3 26.7 
33.66 20.63 32.8 
46.99 14.3 2570.4 37.5 
60.33 20.27 43.3 
73.66 16.2 4003.8 51.5 
86.99 19.86 51.5 
100.33 36.5 4137.5 47.3 
113.66 18.92 54.7 
126.99 23.2 4197.9 56.6 
140.32 18.31 58 
153.66 25.9 3932.3 61.2 
166.99 17.62 64.4 
180.32 22.5 4321.5 65.4 
193.66 17.01 60.8 
1 Fl.OW RATE /ml/min atS.T.P.): 715.8 
Ti f St me rom art: 282 7h re 
DISTANCE FROM OXYGEN ,NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY(cml MOLE FRACTIO (ml/hr/k" of Coal) Cml/k" ofCoall r•Cl 
7 20.85 24.3 
20.33 4.5 1999 27.4 
33.66 20.75 33.5 
46.99 10.7 2867.9 38.8 
60.33 20.51 45.1 
73.66 7.1 4281.1 53.8 
86.99 20.35 53.8 
100.33 14.5 4744.4 49.8 
113.66 20.02 57.3 
126.99 28.2 4809.5 59.6 
140.32 19.37 61.2 
153.66 35.8 4666.6 64.7 
166.99 18.53 68.3 
180.32 26 4898.6 68.7 
193.66 17.91 63.6 
FLOW RATE !ml/min a t S.T.P. r. 795.5 
Time from Start: 328.7hrs 
DISTANCE FROM OXYGEN rl OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY (cm l MOLE FRACTION Cml/hr/k" of Coal) Cml/k"' of Coal) (•C) 
7 20.9 25.7 
20.3:l 22.1 2610.8 28.9 
33.66 20.4 35.2 
46.99 21.8 3615.4 40.7 
60.33 19.9 48 
73.66 42.8 5428.8 57.9 
86.99 18.9 57.5 
100.33 33.5 5848.4 52.7 
113.66 18.1 6.4 
126.99 28.8 6120.5 64.4 
140.32 17.4 67.3 
153.66 28.3 6140.9 72.1 
166.99 16.7 76.5 
180.32 23.9 6046.3 54.4 
193.66 16. l 70.7 
FLOW RATE <ml/min atS.T.P.l: 791.8 




26.5 4250.6 41.7 
19.9 51.5 
39 6504.4 59.6 
19 59 
38.1 6790 53.8 
18.1 62.7 
37.3 6989.8 64.3 
17.2 68.6 
28.4 6886.5 73.4 
16.5 77.8 
20 6623.6 78.5 
7. 
799.3 
Time from Start· 403 2 hrs 
DISTANCE FROM OXYGEN )NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY Ir,,,) MOLE FRACTIO /ml/hr/h of Coal) /ml/kv of Coan /•Cl 
7 20.6 27.8 
20.33 16.2 3958.6 31.6 
33.66 2Q.2 38.6 
46.99 31.8 5656.6 44.7 
6033 19.4 53.1 
73 66 50.4 8659 64.1 
86.99 18.1 63.l 
100.33 34 8527.6 57.3 
11~.flfl 17.2 65.5 
126.99 29.6 8602 66.4 
140.32 16.4 71.6 
153.66 36.2 8443.3 77.6 
166.99 15.4 83.2 
180.32 21.3 7619 83.5 
193.66 14.8 75.2 




16.6 4822.8 34 
20.4 42.8 
44.7 7671.4 49.9 
19.3 58.9 
43.5 11133.2 70.6 
18.2 69.2 
68.8 11236.4 62.1 
16.4 70.5 
14.9 9774.6 69.8 
16 75.4 
43.8 10551.3 81.8 
14.8 87.7 
10.8 8464.8 86.9 
77.2 
742.3 
Time from Start: 475.7 h.-.. 
DISTANCE FROM OXYGEN rl OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY (cm) MOLE FRACTION /ml/hr/k" ofCoall /ml/k" ofCoall (•C) 
7 20.7 30.7 
20.33 16 5145.6 35.4 
33.66 20.3 44.3 
46.99 51 8618.8 51.6 
60.33 19 60.2 
73.66 71.7 12273.7 71.8 
86.99 17.1 70.9 
lM,33 47.2 12384.8 63.8 
113.66 15.8 72.2 
126.99 24.8 10167.7 71.3 
140.32 15.1 76.5 
153.66 45 11430.5 83.2 
166 99 13.8 89.6 
180.32 6.8 8639 87.8 
193.66 13.6 77.6 
FLOW RATE /ml/min atS.T.P.l: 719 




56.8 11189.8 55.9 
18.8 63.6 
81.6 15929.9 74.4 
16.7 73.5 
44.8 -14579 66.l 
15.5 74.4 
25.6 11369.7 73.2 
14.8 78.4 
39.3 13441 84.9 
13.7 91.2 
7 8968.2 89.7 
7 5.7 
Time from Start· 595 4 hrs 
DISTANCE FROM OXYGEN rl OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR EN'T'RVfcml MOLE FRACTION (ml/hr/k,,- of Coal) (ml/ku of Coal\ r•ci 
7 20.6 36.3 
20.33 34.4 8010.5 42.1 
33.66 19.8 53.5 
<16.99 71 15790.6 61.2 
60.33 18.1 67.8 
73.66 91.5 22161.5 77.6 
86.99 15.8 77.6 
100.33 7.7 16469 67.5 
113.66 15.6 76.5 
126.9!1 49.3 14066.1 75.1 
140.32 14.3 79.6 
153.66 22.2 15655 86.1 
166.99 13.7 92.4 
180.32 11 9616.2 85.3 
193.66 13.4 78.9 
FLOW RATE <mVmin atS.T.P.l: 777.1 
Time from Start: 642.7 hrs 
DISTANCE FROM OXYGEN •NI OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
AIR ENTRY(cml MOLE FRACTIO (mVhrfk.,. of Coal) Cml/k"' of Coan (•Cl 
7 20.7 39.3 
20.33 47.3 9942.7 45.3 
33.66 19.6 59.6 
46.99 122.5 20366.9 66.5 
60.33 16.6 74.3 
73.66 128.6 27366.9 81.7 
86.99 13.2 82 
100.33 25.2 17247.1 70.3 
113.66 12.5 78.2 
126.99 10.7 15485.1 75.9 
140.32 12.2 80.4 
153.66 10.6 16430.7 86.4 
166.99 11.9 93.47 
180.32 7 10041.9 91.1 
193.66 11.7 75 9 
FLOW RATE fmVmin at S.T.P.l: 777.1 
Ti fro s ,me ,m tart: 689 2h rs 
DISTANCE FROM OXYGEN rl OXIDATION RATE I OXYGEN ABSORBED I TEMPERATURE 
















FLOW RATE /mVmin atS.T.P.l: 709.3 
Appendix II 
Computer Proeram for Predictine One - Dimensional 












1 /Oxy/ P(50),PP(50),Po(50),Oabo(50),Oab(50),Pin 
2 /Rate/ Ac,Ec,Rc,HoR,b,am,an 
1 /Energy/ T(50),TP(50),TN(50) 
1 /Geom/ DX,X(50),NI,NJ,NIP1,NJP1,Vol,Area 
1 /Flow/ Vg,G 
1 /Mass/ aMcoal 
1 /Dent/ Densits,Densitg 
1 /Time/ Tott,Delt 
1 /Water/ Hw(6,45),S(110),WCWnew(50),WCWo(50),HFD(50'),HOW(50) 
1 /Maswa/ HCnew(50),HCo(50),HAnew(50),HAo(50),HSTnew(50), 
2 HSTo(50),RHo(50),RHnew(50),HLT(50) 
1 /Plot/ PloTe(S0,20),PloOab(S0,20),PloMC(S0,20), 
2 PloPO(S0,20), Na 
1 /Diffu/ ROnew(S0), ROo(S0) 
C 
C-------A data file for recording the calculated results is being opened: 
Open(l,file='quanl.dat' ,status='new') 
c-----------------------------------------------------------------
c Input the total number of the sections divided 
NI= 30 
C 
Chapter 1 --- The Properties of the solid phase & the gas phase 
C 
C Specific Heats. s: solid; g: gas; in: inlet, J/Kg K 
Cps= l.045e3 
Cpg = 1.e3 
Cpgin = 1.e3 
C Densities, Kg/m3 
Densits = 700. 
Densitg = 1.3 
Denin = 1 . 3 
Conductivity, k, W/m K 
Dks = 0.1 
Convection Coef . , h, W/m2 K 
DH= 0.18 
C 







Chapter 3 --- The Geometric Data of the Reactor 
C 
C Rj: r of the column, m; CL: total length of the column, m 







C Weight of coal in one section, Kg 
C 
aMcoal = Densits*Vol 
Calculate the position of the nodes 
X(l) = 0.0 
Do 40, i = 2,NIPl 
X(i) = X(i-1) + DX 
40 PRINT * , X(I) 
C 
Chapter 4 --- The Flow Rates, m/sec 
C 
C 
Vg = 350./707.*1. 
Vg = Vg*l.e-2/60. 
G = Vg*Area 
Chapter 5 --- Initialization of the field (in deg.K,1,rnl/Kg) 
C 
C amb: ambient 
C 
Tamb = 






= T (1) 
Do 5, I= 2,NIPl 
T (I) = T (1) 
TN (I) = T (I) 
5 TP(I) = T(I) 
Pin = 0 .21 
P(l) = Pin 
Po(l) = Pin 
Oab(l) = 0. 
Oabo (1) = Oab (1) 
Do 6,I = 2,NIPl 
P(I) = 0.21 
Po (I) = P (I) 
Oab(I) = 0. 
6 Oabo(I)= Oab(I) 
Do 7, I= 1,NIPl 
HCnew ( I) = 0 . 1 7 
HCo(I) = 0.17 
WCWnew(I) = 0.17 *aMcoal 
WCWo(I) = 0.17*aMcoal 
HFD(I) = 0.0 
RH new ( I) = 1 . 











6 --- The Equation of Chemical Reaction Rate (rn3/s) 
AC= 1.45e14*(1.e-6)/3600. 
EC= 8572.*8.31 
RC = 8 .31 
b = 0.00283 
am= 0.81205 
an= 0.5 
CAN BE USED WHEN REPRODUCING QUAN 'S MODEL 
C HoR: the heat of oxidation is in J/m3 02 absorbed 
HoR = 12./(1.e-6) 
C 
Chapter 7 --- Time(in sec.) 
C Delt: Time increment, sec 
Delt =l. * 3600. 
C Tott: total time for one run, hrs 
Tott= 337.25*3600. 
C Ept: timer 
Ept = 0.0 
Na = 0. 0 
Yes = 1. 




Chapter 8 --- Main Iteration of the Calculation 
C********************* ************************************ 
C 
799 A =Dks/Cps/Densits 
Ca= (Cpg*Densitg)/(Cps*Densits) 
D = HoR/(Cps*Densits) 
800 Epto = Ept 
Ept = Ept + Delt 
print *,'Time= ',Ept/3600.,'hours' 
Yes = 1. 
goto 807 
Change the time increment, if the computing is not smooth 
804 Ept = Ept - Delt 
Delt = 0.5*Delt 
Ept Ept + Delt 
Yes O. 
C print *,'Time= ',Ept 
Do 805, I =l, NIPl 
P(I) = Po(I) 
WCWnew(I) = WCWo(I) 
Oab (I) = Oabo (I) 
T (I) = TP (I) 
HCnew(I) HCo(I) 
805 RHnew(I) = RHo(I) 
807 continue 
if(Ept.ge.Tott) goto 1000 
209 continue 
NAC = 0 
801 continue 
C 
Calculation on the Temperature Profile 
C 





Do 8, i = 2,Ni 
C---TN & TB is the old value at the same-time iteration 
TN(i) = T(i) 
TB(I) = TA(I) 
CORRECTIONS OF THE THERMAL COEFFICIENTS 
Dks = (HCnew(I)-0.05) + 0.1 
If(HCnew(I) .LE.0.05) Dks = 0.1 
A =Dks/Cps/Densits 
C 
c----VT is ~n m3 of water vapour per Kg of dry air 
C 
VT= 2.05e-7*exp(6.28e-2*(T(I)+TP(I))/2.)*l.e-3 
Cpw = l.867e3 




C NOTE: Ti is the temp. rise due to action i 




& (TP(i - l)+T(i-1))/2 . ) 





T2 = -(Ca+Cw)*Vg*Delt*(l/2./DX)*((TP(i+l)+T(i+l))/2. 
1 -(TP(i-l)+T(i-1))/2.) 
TT2(I) = T2*Cps*Densits*Vol 
COAL DRYING HEAT 
T3 = - ( HFD(I)+HFD(I+l) )/2./Cps/Densits/Vol 
TT3(I) = -( HFD(I)+HFD(I+l) )/2. 
C NOTE: Here Oab is in ml/Kg of coal 
COAL OXIDATION HEAT 
TT4(I) = 12.*(Oab(I)+Oab(I+l)-Oabo(I)-Oabo(I+l))/2.* 
1 aMcoal 
Pave= (P(I)+Po(I))/2. 
If(Pave.eq.0.0) TT4(I) = 0.0 
T4 = TT4(I)/Cps/Densits/Vol 
COAL PREVIOUS TEMPERATURE 
TS= TP(i) 
COAL TEMPERATURE NOW 
T(i) = l./(1.+A*Delt*(l/DX/DX)) * (Tl+T2+T3+T4+T5) 
CALAUCATION UNDER-RELAXATION 
urft = 0.4 
C IF(T(I) .GT.363.0) urft = 0.2 
T(i) = urft*T(i) + (1.-urft)*TN(i) 
TA(I) = Cps*Densits*Vol*(T(i)-TS) 
IF( (HCnew(I)+HCnew(I+l))/2 .. ge.0.07.and.T(I) .gt.373.) 
& T(I) = 372.999 
8 continue 
CONDITIONS AT BOUNDARY FOR HEAT & MASS TRANSFER 
fer= 4.S0e-9 
Tavl = ( T(l)+TP(l) )/2. 
Tav2 = ( T(2)+TP(2) )/2. 
Her= fer*( (Tavl+Tamb)/2. ) **3 
He= 0.0306 
Ain = 0 . 025* *2.*3. 1415926 
Ar= Area - Ain 
Do 888, m = 1,4000 
Tavn = Tavl 
Bl= Her*Ar*(Tavl-Tamb) 
B2 = (Hc*Ar + Denin*Cpgin*G)*(Tavl-Tamb) 
Tavl - DX/0.l/Area*(Bl+B2) + Tav2 
urft 0.4 
Tavl urft*Tavl + (1.-urft)*Tavn 
888 if(ABS(Tavl-Tavn) .le.0.1) goto 889 
889 T(l) = 2.*Tavl - TP(l) 
T(NIPl) = T(NI) 
ROnew(NIPl) = ROnew(NI) 
C 
Chapter 9 ------- Print the Results 
C 
CHECKING THE CONVERGENCE POSSIBILITY 
Nae Nae+ 1 
Err 0.0 
Do 902, i = 2,NI 
AMX = ABS(TA(I)-TB(I)) 
902 Err= Err+ AMX 
C if(Nac.Gt.500.and.Err.gt.1.) goto 804 
C if(Nac.Gt.3000.and.Err.gt.0.4) goto 804 
if(Nac.Gt.7000.and.Err.gt.0.1) goto 804 
if(Nac.gt.10000) goto 1501 
if(Err.Gt.0.1) goto 801 
C Ohai A if(Ept.gt.253.*3600 .. and.Nac.le.3000.) Delt = 2.*Delt 
C 
if(Ept.gt.220.*3600 .. and.Nac.le.3000.) Delt = 10.*Delt 
if(Delt.gt.10.*3600.) Delt = 10.*3600. 
Chapter 10 ------ Reset the Temperature Field 
C 
900 Do 10, i = l,NIPl 
Oabo (I) = Oab ( I) 
Po(I) = P(I) 
RHo(I) = RHnew(I) 
WCWo(I) = WCWnew(I) 
HCo(I) = HCnew(I) 
ROo(I) = ROnew(I) 
HSTo(I) = HSTnew(I) 
10 TP(i) = T(i) 
C 
CALCULATED RESULT OUTPUT 
C 
if(Ept.eq.18.*3600.) goto 1000 
C if(Ept.eq.54.*3600.) goto 1000 
if(Ept . eq.80.*3600.) goto 1000 
if(Ept.eq.114.*3600.) goto 1000 
if(Ept.eq.140.*3600.) goto 1000 
c if(Ept.eq.177.*3600.) goto 1000 
if(Ept.eq.201.*3600.) goto 1000 
if(Ept.eq.215.*3600.) goto 1000 
if(Ept.eq.236.*3600.) goto 1000 
if(Ept.eq.278.*3600.) goto 1000 
if(Ept . eq.306.*3600.) goto 1000 
if(Ept.eq.326.*3600.) goto 1000 
C if(Ept.eq.338.5*3600.) goto 1000 
goto 800 




if(Ept.eq.Epto) goto 2017 
Na= Na+l 
PloMC(l,Na) = HCnew(l) 
Do 2010, I= l,NI 
PLoTe(I,Na) = TP(I) 
PloOab(I,Na) = (Oabo(I)+Oabo(I+l))/2. 
IF(I.NE.l) PloMC(I,Na) = (HCo(I+l)+HCo(I))/2. 
PloPO(I,Na) = Po(I) 
Write(l,*) 'Time=', Ept/3600.,'hour' 
Write(l,*) 'Distance from Entry' 
Write(l,*) ' T(deg.K) 02 P.Pressure Oab(ml/Kg) RH 
& Water Content(Kg)' 
Do 11, i = 1,NI,2 
Write (1, *) X (i) *100.,' (cm)' 
Print*, TP(i),Po(I), (Oabo(I)+Oabo(I+l))/2. 
& ,RHO (I), (HCo (I) +HCo (I+l)) /2. 
If(I . eq.l) Write(l,111) TP(i),Po(I),Oabo(I) 
& ,RHo(I) ,HCo(I) 
If(I.ne.l) Write(l,111) TP(i),Po(I), (Oabo(I)+Oabo(I+l))/2 . 
& , RHo (I), (HCo (I) +HCo (I+l)) /2. 
11 Continue 
if(Ept.ge.Tott) goto 1500 
IF(EPT.eq.0.0) goto 223 
C Write(l,*)' Heat Cond.(J) Heat Conv.(J) 
C & Heat of Drying(J) 
C & Heat of Oxidation(J) Enthalpy Change(J)' 
C 
C Do 22, I= 2,NI 
C Write(l,*) X(i)*l00., '(cm)' 








if(Ept.eq.0.0) goto 799 
goto 800 
Write(l,*) 'The Solution is not converged !' 




















1 /Oxy/ P(S0),PP(S0),Po(S0),Oabo(S0),Oab(S0),Pin 
2 /Rate/ Ac,Ec,Rc,HoR,b,arn,an 
1 /Energy/ T(S0),TP(S0),TN(S0) 
1 /Geom/ DX,X(S0),NI,NJ,NIPl,NJPl,Vol,Area 
1 /Flow/ Vg,G 
1 /Mass/ aMcoal 
1 / Time/ Tott,Delt 
REAL Al,A2,A3 
Do 10, I= l,NIPl 
PP (I) = P (I) 
Pave= (Po(I)+P(I))/2. 
C Rat is t he rea ct ion rate ; DelOab: Change o f t he 02 absorbe d, ml; 
C Oab: 02 abcorbed, ml/Kg of coal; Tave: time a veraged t emp., K 
C 
Tave= ( T(I)+TP(I) )/2. 
C Function of t he effect o f particle size, mrn/rmn 
Rio= . 211/1.96 
Al= exp(l6.948) 
A2 = exp(0.63953 * (Tave-273 . )) 
A3 = l.e-6/3600. 
If(Tave.Le.323.) goto 39 
If(Tave.Gt.323.) Ac =Rio*Al *A3 
& *exp(0.63953 *50.) 
Acn = Ac/A3/Rio 
goto 41 
39 Ac =Rio*Al*A2*A3 
Acn = Ac/A3 /Ri o 
41 Ee= 7 . 1934e6*exp( - 2023.4/Tave)*8.31 
If(Tave.Gt.323.) Ee= 7.1934e6*exp(-2023.4/323.)*8.31 
Re= 8.31 
b = 8.e-4 - 3.e-S*(Tave-301.) 
if(Tave.gt.323.) b = 8.e-4 - 3.e-5*(323.-301.) 
C The oxid. rate will remain constant when dOab/dt < 0.1, ml/Kg/hr 
Oac = -Ee/Re/Tave - 1./b*Alog(0.l/Acn/b) 
Oav = (Oab(I)+Oa b o (I))/2. 
If(Oav.gt.Oac) Oav = Oac 
IF(I.NE . l) GOTO 20 
Calculate the 02 absorbed at the air entry, as its temp. changes 
f = b* (Oav) 
Rat= (aMcoal/50 . )/G*Ac*exp(-Ec/Rc/(T(I)+TP(I))*2. - f) 
C 
DelOab = Rat*Delt*G*l.e6/(aMcoal/50.) 
Oab(I) = Oabo(I)+DelOab 
GOTO 10 
20 FRA = 1. 
IF(I.EQ.2) FRA = 49 . /50. 
Calculate the inner 02 absorbed 
f = b* ( Oav ) 
C 
Rat= Fra*aMcoal/G*Ac*exp(-Ec/Rc/(T(I-l)+TP(I-1)+ 
& T(I)+TP(I))*4 . - f) * 





Calculate the mass change due to diffussion 
C Ebu is the porosity (void fraction of the coal bed) 
Ebu = 0.46 
C DO2: diffusivity of oxygen in the coal bed, rn2/sec 
D02 = 0 .2e-4 
Difu(I) = DO2*Ebu*((P(I+l)+Po(I+l))/2.-
1 (P(I)+Po(I))+(P(I-l)+Po(I-1))/2.)/DX*Area 
MODifu = 0.S*(Difu(I)+Difu(I-1))/G 
C Mass change of 02 due to diffusion is now in 1/1 
C if this change is less than 1 % of convective mass transfer, 
C MODifu is neglected 
ConvM = (P(I)+Po(I)-P(I-l)-Po(I-l))/2. 
if(MODifu.lt.0.0l*ConvM) MODifu = 0.0 




IF (P (I) . LT . 0 . 0) P (I) = 0 . 0 
IF(P(I-1) .EQ.0.0) P(I) = 0.0 
P(I) = 0.4*P(I)+(l.-0 . 4) *PP(I) 


















CHAPTER 0 0 PRELIMINARIES 0 0 0 C 
c---------------------------------------------------------------c 
C 
COMMON /Water/ Hw(6,45),S(l10),WCWnew(50),WCWo(50) 
& ,HFD(S0),HOW(S0) 
1 /Energy/ T(S0),Tp(S0),Tn(S0) 
3 /Flow/ Vg,G 
4 /Geom/ DX,X(S0),NI,NJ,NIPl,NJPl,Vol,Area 
6 /Time/ Tott,Delt 
7 /Dent/ Densits,Densitg 
COMMON /MasWa/ 
1 HCnew(S0),HCo(S0),HAnew(S0),HAo(S0),HSTnew(S0), 
& HSTo(S0),RHo(S0),RHnew(S0) ,HLT(S0) 
2 /Mass/ aMcoal 
1 /Diffu/ ROnew(S0),ROo(S0) 
2 /poros/ Edu 
Dimension Defu(S0) 
C 
C---------SET THE INLET CONDITIONS 
C HCnew(l) = 0.0 
C HCo(l) = 0.0 
C* 
C C C C C C C C 
C AVOID THE NAGATIVE VALUES TO LEAD THE FALSE C 
C NUMERICAL DIFFUSION C 
C C 
Do 100, I= 1,Nipl 
IF(HCnew(I) .LT.0.) HCnew(I)=0 . 








C C C C C C C C 
C THE COEFFICIENTS OF THE FITTING EQUATION OF C 










C C C C C 
C C C C C C 









HLT(l) = ( 754.8-0.575*0.S*(T(l)+TP(l)) )*4.18*1.e3 
HSTnew(l) = 2.0315e-10*exp(0.0616*0.5*(T(l)+TP(l)))*Densitg*G 
Tst = T(l)-273. 
Tsto = TP(l)-273. 
ROoa = AA+BB*l8.+CC*l8.**2.+DD*l8.**3. 
ROnew(l) = AA+BB*Tst+CC*Tst**2.+DD*Tst**3. 
ROo(l) = AA+BB*Tsto+CC*Tsto**2.+DD*Tsto**3. 
RHnew(l) = ROoa/ROnew(l) 
RHo(l) = ROoa/ROo(l) 
ann = 2.174 
If((l.-RHnew(l)) .le .0 .0) goto 121 
If((l.-RHo(l)) .le.0.0) goto 121 
C Beta= 0.00468*T(l) - 1.305 
Beta= 0.2772 
HCnew(l) = ( - Alog(l.-RHnew(l))/Beta/T(l)) 
& **(1./ann) 
C If(HCnew(l) .Gt.0.17) HCnew(l) = 0.17 
C Beta 
Beta 
0.00468*TP(l) - 1.305 
0. 2772 
HCo(l) = ( - Alog(l.-RHo(l))/Beta/TP(l) 
& **(1./ann) 
C If(HCo(l) .Gt.0.17) HCo(l) = 0.17 
WCWnew(l) = HCnew(l)*aMcoal 







Do 300, I= 2,NI 
C C 
C when Beta is a function of temp. 
Beta= 0.00468*T(I) - 1.305 
C when Beta is considered as a constant 
C Beta= 0.2772 
HCave = HCnew(I) 
C 






CHAPTER 2 2 SATURATED AIR HUMIDITY SUBROUTINE 2 2 C 
c----------------------------------------------------------------c 
C 
HSTnew(I) = 2.0315e-10*exp(0.0616*T(I))*Densitg*G 
C 
C-------Latent Heat released (J/Kg of water) 
C 
HLT(I) = (754.8-0.575*(T(I)+TP(I))/2.)*4.18*1.e3 
C--Take the extra heat into account 
HLT ( I) = HLT (I) - 8 . 31 / 18 . * ( T (I) + TP (I) ) * 0 . 5 
& * Alog( (RHnew(I)+RHo(I))/2. 
C 
C-------Saturated Vapour Density (Kg/m3) 
C 
Tst = T(I)-273. 
ROnew(I) = AA+BB*Tst+CC*Tst**2.+DD*Tst* *3. 
300 continue 
C* 
C C C C C C C C 
C MOISTURE TRANSFERED BY DIFFUSION MECHANISM C 
C C 
C DH2O IS THE DIFFU. COEF., M2/S C 
C* 
DH2O = 2 . 5 e-5 
COAL BED POROSITY (OR VOID FRACTION) 
Ebu = 0.46 
C* DEFU IS RATE OF MASS CHANGE OF MOISTURE IN GAS BY DIFFU. KG/M3/S 
Defu ( 1) = 0. 0 
Do 80, I= 2,NI 
CALCULATED SATURATED GAS DIFFU. 
Defu(I) = Ebu*DH2O*( ROnew(I+l)-2.*ROnew(I)+ROnew(I-1) + 
& ROo(I+l)-2 . *ROo(I)+ROo(I-1) )/(DX**2.)*0.5 
CALCULATED NON-SATURATED GAS DIFFU. 
Defu(I) = ( RHnew(I)+RHo(I) )/ 2 . *Defu(I) 
C* MCdiff IS THE TOTAL MOISTURE CHANGE OF THE SECTION BY DIFFU. KG 






C C C 
HFD TOTAL HEAT CHANGE DUE 
IN ONE SECTION DURING ONE TIME 





HFD(I)= -MCDiff*0.S* (HLT(I)+HLT(I-1))+ 





& - HLT(I- l) * (RHnew(I - l)*HSTnew(I- l) +RHo(I - l) *HSTo(I-1))/2.) 
C 
C* WCW IS THE MOISTURE CONTENT IN ONE SECTION OF COAL BED, KG 
C 
WCWnew(I)=WCWo(I)-HFD(I)/(HLT(I)+HLT(I-1)) *2. 
IF(WCWnew(I) .LT.0 . 0) WCWnew(I)=0.0 
COAL MOISTURE CONTENT ON WEIGHT BASIS, % 
HCnew(I)=WCWnew(I)/aMcoal 
80 CONTINUE 
COAL MOIST BED BOUNDARY CONDITION AT OUTLET 











C These data files can be directly used in plotting graphs on HP plotter 
C in Chem Eng Dept. 
Common 
l /Plot/ PloTe(S0,20), PloOab(S0,20),PloMC(S0,20) 
2 ,PloPO(S0,20), Na 





Do 10, I= 1, NI 
Write(2,100) X(I), (PloTe(I,J), J 
Close (2) 
C------Oxygen Absorbed Profiles 
Open(2,file='Oabplot.dat', status 
20 
Do 20, I = 1, NI 
Write(2,100) X(I), (PloOab(I,J), J 
Close (2) 
C------Moisture Content Profiles 
Open(2,file='MCplot . dat', status 
30 
Do 30, I= 1, NI 
Write(2,100) X(I), (PloMC(I,J), J 
Close (2) 
C------Oxygen Partial Pressure Profiles 
Open(2,file='POplot.dat', status 
40 
Do 40, I= 1, NI 
Write(2,100) X(I), (PloPO(I,J), J 
Close (2) 











Table 8.1.2 Drying of Coal at 75 °C 
N2 Flow Time 
Rate at STP Interval 









Dry basis of the sample: 1.230 g. 
Heat Release during 









Initial moisture content: 25.0%. 











































- 22,957 . ., 
Table 8.1.3 Drying of Coal at 75 °C (second run) 
N2 Flow Time 
Rate at STP Interval 
(ml/min) (hr) 
>4.50 





Ory basis of the sample: 1.219 g. 
Heat Release During 








. Initial moisture content: 16.3%. 













Content on Dry Basis 
(%) 
















The temperature of the drying tube at the outlet was comparable with the temperature of 
the reaction tube when the temperature at the reaction tube was lower than 40 °C, as the 
drying tube was put into the gap between the biggest aluminium cylinder and the second 
8 - 8 
large cylinder where the warm gas stream was provided by the fan at the bottom ( Refer 
to Figure 8.1 ). 
Two runs at 35 °C were carried out after those runs at 50 °C and 75 °C. It was found that 
the initial heat of drying is higher compared with the later ones. The initial heat of drying 
at 35 °C may indicate that some water was not collected by the drying tube as only one 
drying tube was used to collect water. However, at the temperatures of 50°C and 75°C, 
two drying tube in series were used, but the second tube collected a negligible amount of 
water. 
The heat of drying as a function of moisture content of coal at various temperatures is 
shown in Figure 8.6. As the coal is dried, moisture loss during the same time interval 
should be less than that when the coal has its full moisture content. Particularly, during 
the latest drying period, we did use a much longer time interval to increase accuracy of 
moisture measurement. But even in doing so, we must be careful with values which are 
much higher than previously published results 2, 3, 4. It was decided that the average 

















I • 50 °c • V 75 °C (Run //1) 
..... 75 °C (Run //2) 
5 10 15 20 
Moisture Content of Coal (% on dry basis) 
Figure 8.4 Heat of Drying as a Function of Moisture Content 
8-9 
25 
In Figure 8.4, one can see that the moisture content of Ohai coal is of three types as far as 
the bonding energy is concerned. This finding may be distinguished from previously 
published results which showed that only two types of moisture existed in coal particles. 
It may be appropriate to acknowledge that beyond ~ 8% moisture ( dry basis ), free 
moisture content exists. The moisture between the~ 5% and~ 8% may be regarded as 
loosely bonded moisture. The moisture within the ~ 5% mark is the tightly bonded 
moisture. 
Although very slow, the process undertaken here is still a drying process. The gas at the 
inlet of the reaction tube is always dry. The relative humidity profiles at different times 
are as shown in Figure 8.7. The relative humidities calculated in the tables are the relative 
humidities at the outlet of the reaction tube. The true relationship should be between the 
distance mean relative humidity of the . gas and the the moisture content of the coal 
sample. 
If we do take the relative humidity as this mean value, we suggest that the following 
idealized situation exists ( see Figure 8.5 ) which means that the nitrogen stream is 
humidified before it enters the coal bed. However, as the coal dries, the relative 





Dimnce from Gu Ent,:y 
Figure 8.5 Idealized Profiles of Relative Humidity along 
the Reaction Tube 
Also, compared with the much larger mass df coal used in one section in the computer 
simulation ( which is normally 2000 times the mass of the sample used in micro-
calorimeter ) this situation can be accepted. 
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